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PEINCIPLES OF CHEMISTEY 

(PART THREE) 
CHAPTER XV 

THE GROUPING OF THE ELEMENTS AND THE PERIODIC LAW 

It is seen from the examples given in the preceding chapters that the 
sum of the data concerning the chemical transformations proper to tho 
elements (for instance, with respect to the formation of acids, salts, 
and other compounds having definite properties) is insufficient for 
accurately determining the relationship of the elements, inasmuch 
as this may be many-sided. Thus, lithium and barium are in 
some respects analogous to sodium and potassium, and in others to 
magnesium and calcium. It is evident, therefore, that for a com- 
plete judgment it is necessary to have, not only qualitative, but also 
quantitative, exact and measurable, data. When a property can be 
measured it ceases to be vague, and becomes quantitative instead of 
merely qualitative. 

Among these measurable properties of the elements, or of their 
corresponding compounds, are : (a) isomorphism, or the analogy, of 
crystalline forms ; and, connected with it, the power to form crystalline 
mixtures which are isomorphous; (b) the relation of the volumes of 
analogous compounds of the elements ; (e) the composition of their 
saline compounds ; and (d) the relation of the atomic weights of the 
elements. In this chapter we shall briefly consider these four aspects 
of the matter, which are exceedingly important for a natural and 
fruitful grouping of the elements, facilitating, not only a general 
acquaintance with them, but also their detailed study. 

Historically the first, and an important and convincing, method for 
finding a relationship between the compounds of two different elements 
is by isomorphism. This conception was introduced into chemistry 
by Mitscherlich (in 1820), who demonstrated that the corresponding 
salts of arsenic acid, H a As0 4 , and phosphoric acid, H 3 P0 4 , crystallise 
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2 PRINCIPLES OF CHEMISTRY 

with an equal quantity of water, show ah exceedingly close resemblance 
in crystalline form (as regards the angles of their faces and axes), and 
are able to crystallise together from solutions, forming crystals con- 
taining a mixture of the isomorphous compounds. Isomorphous sub- 
tances are those which, with an equal number of atoms in their 
molecules, present an analogy in their chemical reactions, a close 
resemblance in .their properties, and a similar or very nearly similar 
crystalline form : they .often contain certain elements in common, from 
which it is to be concluded that the remaining, elements (as in the 
preceding example of As and P) are analogous to each other. And 
inasmuch as crystalline torms are capable, of exact measurement, 
the external form, or the relation of the molecules which causes - 
their grouping into a crystalline form, is evidently as great a help in 
judging of the internal forces acting between the atoms as a comparison 
of reactions, vapour densities, and other like relations. We have 
already seen examples of this in the preceding pages. 1 It will be 
sufficient to call to mind that the compounds of the alkali metals 
with the halogens RX, in a crystalline form, all belong to the cubic 
system and orystallise in.octahedra or cubes— for example, sodium 
chloride, potassium chloride, potassium iodide, rubidium* chloride, <tc. 
The nitrates of rubidium and caesium appear in anhydrous crystals of 
the same form as potassium nitrate. The carbonates of . the metalg of 
the alkaline earths are isomorphous with calcium carbonate — that is, 
they either appear in forms like calc spar* or in the rhombic system 
in crystals analogous to aragonite. lbis Furthermore, sodium nitrate 
crystallises in rhombohedra, closely resembling the rhombohedra of calc 
spar (calcium carbonate), CaC0 3 , whilst potassium nitrate appears in the 
same form as aragonite, CaC0 3 , and the number of atoms in both kinds 
of salts is the 'same . they all contain one atom of a metal (K, Na, Ca), one 
t atom of a non-metal (C, N), and three atoms of oxygen. The analogy 
of form evidently coincides with an analogy of atomic composition. 
But, as we have learnt from the previous description of these salts, there 
.is not any close resemblance in their properties. It is evident that calcium 
carbonate approaches more nearly to magnesium carbonate than to sodium 
nitrate, although their crystalline forms are all equally alike. Isomor- 

1 For instance the analogy of the sulphates of K, Rb, and Cs (Chapter XIII., Note 1). 

1 bU The crystalline forms of aragonite, strontianite, and witherite belong to the 
rhombic system ; the angle of the prism of CaCOj is 116° 10', of SrC0 3 117° 19', and of 
BaC0 3 118° 30'. On the other hand the crystalline forms of calc spar, magnesite, and 
calamine, which resemble each other quite as closely, belong to the rhombohedral system, 
with the angle of the rhombohedra for CaCOj 105° 8', MgCOj 107° 10', and ZnCOj 
107° 40'. From this comparison it is at once evident that zinc is more closely allied 
to magnesium than magnesium to calcium. 
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GROUPING OF THE ELEMENTS AND THE PERIODIC LAW 8 

phous substances which are prefectly analogous to each other are not 
only characterised by a close resemblance of form (homeomorphism), but 
also by the faculty of entering into analogous reactions, which is not the 
case with RN0 3 and RC0 3 . The most important and direct method of 
recognising perfect isomorphism — that is, the absolute analogy of two 
compounds— is given by that property of analogous compounds of 
separating from solutions in homogeneous crystals, containing the 
most varied proportions of the analogous substances which enter 
into their composition. These quantities do not seem to be in 
dependence on the molecular or atomic weights, and if they are 
governed by any laws they must be analogous to those which apply to 
indefinite chemical compounds. 2 This will be clear from the follow- 
ing examples. Potassium chloride and potassium nitrate are not 
isomorphous with each other, and are in an atomic sense composed 
in a different manner. If these salts be mixed in a solution and 
the solution be evaporated, independent crystals of the two salts will 
separate, each in that crystalline form which is proper to it. The 
crystals will not contain a mixture of the two salts. But if we 
mix the solutions of two isomorphous salts together, then, under 
certain circumstances, crystals will be obtained which contain both 
these substances. However, this cannot be taken as an absolute rule, 
for if we take a solution saturated at a high "temperature with a 
mixture of potassium and sodium chlorides, then on evaporation sodium 
chloride only will separate, and on cooling only potassium chloride. 

9 Solutions furnish the commonest examples of indefinite chemical compounds. Bat the 
isomorphous mixtures which are so common among the crystalline compounds of silica 
forming the crust of the earth, as well as alloys, which are so important in the applica- 
tion of metals to the arts, are also instances of indefinite compounds. And if in Chapter I., 
and in many other portions of this work, it has been necessary to admit the presence 
of definite compounds (in a state of dissociation) in solutions, the same applies with 
even greater force to isomorphous mixtures and alloys. For this reason in many places 
in this work I refer to facts which compel us to recognise the existence of definite 
chemical compounds in all isomorphous mixtures and alloys. This view of mine (which 
dates from the sixties) upon isomorphous mixtures finds a particularly clear confirmation 
in B. Roozeboom's researches (1892) upon the solubility and crystallising capacity of 
mixtures of the chlorates of potassium and thallium, KC10 3 and TIClOj. He showed 
that when a solution contains different amounts of these salts, it deposits crystals con- 
taining either an excess of the first salt, from 98 p.c. to 100 p.c, or an excess of the second 
salt, Trom 63*7 to 100 p.c. ; that is, in the crystalline form, either the first salt saturates the 
second or the second the first, just as in the solution of ether in water (Chapter I.) ; more- 
over, the solubility of the mixtures containing 36*8 and 98 p.c. KC10 5 is similar, just as the 
vapour tension of a saturated solution of water in ether is equal to that of a saturated 
solution of ether in water (Chapter L, Note 47). But just as there are solutions miscible 
in all proportions, so also certain isomorphous bodies can be present in crystals in 
all possible proportions of their component parts. Van t Hoff calls such systems ' solid 
solutions.' These views were subsequently elaborated by Nernst (1892), and Witt (1891) 
applied them in explaining the phenomena observed in the coloration of tissues. 
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4 PRINCIPLES OF CHEMISTRY 

The first will contain very little potassium chloride, and - the latter 
very little sodium chloride. 3 But if we take, for example, a mixture 
of solutions of magnesium sulphate and zinc sulphate, they cannot 
be separated from each other by evaporating the mixture, notwith- 
standing the rather considerable difference in the solubility of these 
salts. Again, the isomorphous salts, magnesium carbonate, and calcium 
carbonate are found together— that is, in one crystal — in nature. 
The angle of the rhombohedron of these magnesia- lime spars is inter- 
mediate between theangles proper to the two spars individually (for cal- 
cium carbonate, the angle of the rhombohedron is 105° 8' ; magnesium 
carbonate, 107° 30' ; CaMg(CO,) 2 , 106° 10'). Certain of these isomer- 
pliout mixtures of calcand magnesia spars appear in well-formed crystals, 
and in this case there not uijfrequently exists a simple molecular pro- 
portion of strictly definite chemical combination between the component 
salts —for instance, CaC0 3> MgCOj — whilst in other cases, especially in 
the absence of distinct crystallisation (in dolomites), no such simple 
molecular proportion is observable: this is also the case in many 
artificially prepared isomorphous mixtures. The microscopical and 
crystallo- optical researches of Professor Inostrarftzoff and others 
show that in many cases there is really a mechanical, although micro- 
scopically minute, juxtaposition in one whole of the heterogeneous 
crystals of calcium carbonate (double refracting) and of the compound 
CaMgC 2 6 . If we suppose the adjacent parts to be microscopically 
small (on the basis of the researches of Mallard, Weruboflt and others), 
we obtain an idea of isomorphous mixtures. A formula of the follow- 
ing kind is given to isomorphous mixtures : for instance, for spars, 
RCO„ where R=Mg, Ca, and where it may be Fe,Mn . . ., &c. This 
means that the Ca is partially replaced by Mg or another metal. 
Alums form a common example of the separation of isomorphous 

5 The cause of the difference which is observed in different compounds of the same 
type, with respect to their property of forming isomorphous mixtures, must not be looked 
for in the difference of their volumetric composition, as many investigators, including 
Kopp, affirm. The molecular volumes (found by dividing the molecular weight by the 
density) of those isomorphous substances which do give intermixtures are not nearer to 
each other than the volumes of those which do not give mixtures ; for example, for mag- 
nesium carbonate the combining weight is 84, density 8*06, and volume therefore 27 ; for 
calcium carbonate in the form of calp spar the volume is 87, and in the form of arago- 
nite 88 ; for strontium carbonate 41, for barium oarbonate 48 ; that is, the volume of 
these closely allied isomorphous substances increases with the combining weight. The 
same is observed if we compare sodium chloride (molecular volume ■» 27) with potassium 
chloride (volume - 87), or sodium sulphate (volume - 65) with potassium sulphate 
(volume ■» 88), or sodium nitrate 89 with potassium nitrate 48, although the latter are 
last capable of giving isomorphous mixtures than the former. It is evident thai the 
cause of isomorphism cannot be explained by an approximation in molecular volumes. 
It is more likely that, given a similarity in form and composition, the faculty to give 
Isomorphous mixtures is connected with the laws end degree of solubility. 
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GROUPING OF THE ELEMENTS AND THE PERIODIC LAW 5 

fixtures from solutions. They are double sulphates (or seleniates) 
of alumina (or oxides isomorphous with it) and the alkalis, which 
crystallise in well-formed crystals. If aluminium sulphate be mixed 
with potassium sulphate, an alum separates, having the composi- 
tion KAlS 2 O a ,12H 2 0. If sodium sulphate or ammonium sulphate, or 
rubidium (or thallium) sulphate be used, we obtain alums having the 
composition RAlS 2 O t ,,12H 2 Not only do they all crystallise in the 
cubic system, but they also contain an equal atomic quantity of water 
of crystallisation (12H 2 0). Besides which, if we mix solutions of the 
potassium and ammonium (NH 4 A1S 2 8 ,12H 2 0) alums together, then 
the crystals which separate will contain various proportions of the 
alkalis taken, and separate crystals of the alums of one or the other 
kind will not be obtained, but each separate crystal will contain both 
potassium and ammonium. Nor is this all ; if we take a crystal of a 
potassium alum and immerse it in a solution capable of yielding 
ammonia alum, the crystal of the potash alum will continue to 
grow and increase in size in this solution — that is, a layer of the 
ammonia or other alum will deposit itself upon the planes bounding 
the crystal of the potash alum. This is very distinctly seen if a colour- 
less crystal of a common alum be immersed in a saturated violet solu- 
tion of chrome alum, KCrS 2 8 ,12H 2 0, which then deposits itself in a 
violet layer over the colourless crystal of the alumina alum, as was 
observed even before Mitscherlich noticed it. If this crystal be then 
immersed in a solution of an alumina alum, a layer of this salt will 
form over the layer of chrome alum, so that one alum is able to incite 
the growth of the other. If the deposition proceed simultaneously, the 
resultant intermixture may be minute and inseparable, but its nature is 
understood from the preceding experiments ; the attractive force of 
crystallisation of isomorphous substances is so nearly equal that the 
attractive power of an isomorphous substance induces a crystalline super- 
structure exactly the same as would be produced by the attractive force 
of like crystalline particles. From this it is evident that one isomorphous 
substance may induce the crystallisation 4 of another. Such a phenomenon 
explains, on the one hand, the aggregation of different isomorphous 
substances in one crystal, whilst, on the other hand, it serves as a most 
exact indication of the nearness both of the molecular composition of 
isomorphous substances and of those forces which are proper to the 
elements which distinguish the isomorphous substances. Thus, for 
example, ferrous sulphate or green vitriol crystallises in the monoclinio 

• A phenomenon- of a similar kind is shown for magnesium sulphate in Note 27 of the 
fact chapter. In the same example we see what a complication the phenomena of 
dimorphism may introduce when the forms of analogous compounds are compared. 
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6 PRINCIPLES OF CHEHJSTRY 

system and contains seven molecules, of water, FeS0 4 ,7H*O, whilst 
copper vitriol crystallises with Ave molecules of water in the triclinio 
system, CuS0 4 ,5H,0 ; nevertheless, it may be easily proved that both 
salts are perfectly isomorphous ; that they are able to appear in identi- 
cally the same forms and with an equal molecular amount of water. 
For instance, Marignac, by evaporating a mixture of sulphuric acid 
and ferrous sulphate under the receiver of an air-pump, first obtained 
crystals of the hepta-hydrated salt, and then of the penta-hydrated 
salt FeS0 4 ,5H,0, which were perfectly similar to the crystals of copper 
sulphate. Furthermore, Lecoq de Boisbaudran, by immersing crystals 
of FeS0 4 ,7H s O in a supersaturated solution of copper sulphate, caused 
the latter to deposit in the same form as ferrous sulphate, in crystals 
of the monoclinic system, CuS0 4) 7H s O. 

Hence it is evident that isomorphism — that is, the analogy of forms 
and the property of inducing crystallisation — may serve as a means for 
the discovery of analogies in molecular composition. We will take an 
example in order to render this clear. If, instead of aluminium sul- 
phate, we add magnesium sulphate to potassium sulphate, then, on 
evaporating the solution, the double salt K 2 MgS s O g ,6H 2 (Chap- 
ter XIV., Note 28) separates instead of an alum, and the ratio of 
the component parts (in alums one atom of potassium per 2S0 4 , and 
here two atoms) and the amount of water of crystallisation (in alums 
12, and here 6 equivalents per 2S0 4 ) are quite different ; nor is this 
double salt in any way isomorphous with the alums, nor capable of 
forming an isomorphous crystalline mixture with them, nor does the 
one salt provoke the crystallisation of the other. From this we 
must conclude that although alumina and magnesia, or aluminium 
and magnesium, resemble each other, they are not isomorphous, 
and that although, they give partially similar double salts, these salts 
are not analogous to each other. And this is expressed in their 
chemical formulae by the fact that the number of atoms in alumina or 
aluminium oxide, A1 2 3 , is different from the number in magnesia, MgO. 
Aluminium is trivalent and magnesium bivalent. Thus, having obtained 
a double salt from a given metal, it is possible to judge of the analogy 
of the given metal with aluminium or with magnesium, or of the 
absence of such an analogy, from the composition and form of this 
salt Thus zinc, for example, does not form alums, but forms a double 
salt with potassium sulphate, which has a composition exactly like that 
of the corresponding salt of magnesium. It is often possible to dis- 
tinguish the bivalent metals analogous to magnesium or calcium from 
the trivalent metals, like aluminium, by such a method. Further- 
more, the specific heat and vapour density serve as guides. There are 



Digitized by 



Google 



GROUPING OF THE ELEMENTS AND THE PERIODIC LAW 7 

aleo indirect proofs. Thu» iron gives ferrous compounds, FeX„ which 
are isomorphoos with the compounds of magnesium, and ferric 
compounds, FeX„ which are isomorphous with the compounds of 
aluminium ; in this instance the relative composition is directly 
determined by analysis, because, for a given amount of iron, FeCl, 
only contains two-thirds of the amount of chlorine which occurs in 
FeC9„ and the com p osition of the corresponding oxygen compounds, 
i.e. of ferrous oxide, FeO, and ferric oxide, Fe,0„ clearly indicates 
the analogy of the ferrous oxide with MgO and of the f errio oxide 
with A1,0,. 

Thus in the building up of similar molecules in crystalline forms we 
see one of the numerous means for judging of the internal world of 
molecules and atoms, and one of the weapons for conquests in the 
invisible world of molecular mechanics which forms the main object of 
physico-chemical knowledge. This method 5 has more than once been 

• The prop e rty of ootid* of mmuuiy in regular crystalline forma the occ ur r en ce of 
many substance* in the earth's crust in these forms— and those geometrical and simple 
lew* which gorera the formation of crystals long ago attracted the attention of the natu- 
ralist to njilsls The crystalline form is, without doubt, the expression of the relation 
m which the atoms occur in the molecules, and in which the molecules occur in the mass, 
of a substance. Crystallisation is determined by the distribution of the molecules along 
the direction of greatest cohesion, and therefore those forces must take part in the 
crystalline dis tribut ion of matter which act between the molecules ; and, as they depend 
on the forces binding the atoms together in the molecules, a very close connec- 
tion must exist between the r*omie compos i tion and the distribution of the atoms 
in the m ole c ule on the one hand, and the crystalline form of a substanee on the 
other hand ; and hence an insight into the composition may be arrived st from the 
crystalline form. Such is the elementary and a priori idea which lies at the base of all 
researches into I A* connection between composition and crystaUin* form. Hatty in 
1SU established the following fundamental law, which has been worked out by later 
nrresttgators: That the fundamental crystalline form for a given chemical compound is 
constant (only the combinations vary), and that withe change of compoeition the crystal- 
line form also changes, naturally with the exception of such limiting forms as the cube, 
regular octahedron, Ac, which may belong to various substances of the regular system. 
The fundamental form is determined by the angles of certain fundamental geometrio 
forms (prisms, pyramids, rhomhohedra), or the ratio of the crystalline axes, and is con- 
nected with the optical sod many other properties of crystals. 8inoe the establishment 
of this law the description of definite compounds in s solid state is accompanied by a 
description (measurement) of its crystals, which forms an invariable, definite, and 
measurable character. The most important epochs in the further history of this question 
were made by the following discoveries : — Klaproth, Vauquelin, and others showed that 
aragonite has the same composition as oak spar, whilst the former belongs to the 
rhomb** and the latter to the hexagonal system. Hatty at first considered that the com- 
position, and after that the arrangement, of the atoms in the molecules was different. 
Tins is dimorphism (are Chapter XIV., Note 46). Beudant, Frankenheim, Laurent, and 
others found that the forms of the two nitres, KNOj and NaNO* exactly correspond 
with the forme of aragonite and calc spar ; that they are able, moreover, to pass from 
one form into another ; and that the dinurence of the forms is accompanied by a small 
alteration of the angles, lor the angle of the prisms oi potassium nitrate and aragonite 
is U9°, and of sodium nitrate and cast spar, V& ; and therefore dimorphism, or the 
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employed for discovering the analogy of elements and of their com* 
pounds ; and as crystals are measurable, and the capacity to form 

crystallisation of one substance in different forms, does not necessarily imply a great differ- 
•nee in the distribution qf the molecules, although some difference clearly exists. The re- 
searches of Mitscherlich (1822) on the dimorphism of sulphur confirmed this conclusion, 
although it cannot yet be affirmed that in dimorphism the arrangement of the atoms 
remains unaltered, and that only the molecules are distributed differently. Leblano, 
Berthier. Wollaston, and others already knew that manyjsubstances of different composition 
appear in the same forms, and crystallise together in one crystal. Gay-Lussac (1816) 
showed that crystals of potash alum continue to grow in a solution of ammonia alum. 
Beudant (1817) explained this phenomenon as the assimilation of a foreign substance by 
a substance having a great force of crystallisation, which he illustrated* by many natural 
and artificial examples. But Mitscherlich, and afterwards Berzelius and Henry Rose and 
others, showed that such an assimilation only exists with a similarity or approximate simi- 
larity of the forms of the individual substances and with a certain degree of chemical 
analogy. Thus was established the idea of isomorphism as an analogy of forms by 
reason of a resemblance of atomic composition, and by it was explained the variability of 
the composition of a number of minerals as isomorphous mixturos. Thus all the garnets 
are expressed by the general formula: (RO) 3 M 2 03(Si0 2 )3, where R = Ca, Mg, Fe, Mn, 
and M = Fe, Al, and where we may have either R and M separately, or their equivalent 
compounds, or their mixtures in all possible proportions. 

But other facts, which render the correlation of form and composition still more com- 
plex, have accumulated side by side with a mass of data which may be accounted for by 
admitting the conceptions of isomorphism and dimorphism. Foremost among the former 
stand the phenomena of homeomorph ism— that is, a nearness of forms with a difference 
of composition— and then the cases of polymorphism and hemimorphism — that is, a 
nearness of the fundamental forms or only of certain angles for substances which are 
near or analogous in their compositions Instances of homeoinorphism are very numerous. 
Many of these, however, may be reduced to a resemblance of atomic composition, 
although they do not correspond to an isomorphism of the component elements ; for 
example, CdS (greenockite) and Agl, CaC0 3 (aragonite) and KNO r „ CaC0 5 (calc spar) and 
NaNOj, BaSO» (heavy spar), KMn0 4 (potassium permanganate), and KC10 4 (potassium 
perchlorate), Al 2 Oj (corundum) and FeTi0 5 (titanic iron ore), FeS 2 (marcasite, rhombio 
system) and FeSAs (arsenical pyrites), NiS and NiAs, &C But besides these instances 
there are homeomorphous substances with an absolute dissimilarity of composition. 
Many such instances were pointed out by Dana. Cinnabar, HgS, and susannite, 
PbS0 4 8PbC0 3 appear in very analogous crystalline forms; the acid potassium 
sulphate crystallises in the monoclinic system in crystals analogous to felspar, KAlSijOg ; 
glauberite, Na 2 Ca(SO<) 2 , augite, RSi0 3 (R = Ca,Mg), sodium carbonate, Na^CO^lOHaO, 
Glauber's salt, Na 2 SO 4 ,10H>O, and borax, Na 2 BrO 7 ,10H 2 O, not only belong to the same 
system (mouoclinic), but exhibit an analogy of combinations and a nearness of corre- 
sponding angle?. These and many other similar cases might appear to be perfectly 
arbitrary (especially as a vcarntss of angles and fundamental forms is a relative idea) 
wero there not othor canes where a resemblance of properties and a distinct relation 
in the variation of composition is connected with a resemblance of form. Thus, 
for example, alumina, A1 2 3 , and water, H 2 0, aro frequently found in many pyroxenes 
and amphiboles which only contain silica and magncBia (MgO, CaO, FeO, MnO). 
8cheerer and Hermann, and many others, endeavoured to explain such instances 
by poly metric isomorph ii»<, Htatiug that MgO may bo replaced by 3H 2 (for example, 
olivine and serpentine), Si() 2 by Al^O, (in tho amphiboles, talcs), and so on. A 
certain number of the instances of this order aro subject to doubt, b#causo many of the 
natural minerals which served as the bunia for tho establishment of polymeric 
Isomorphism in all probability no longer present their original composition, but one 
which has been altered under the influence of solutions which havo come into contact 
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crystalline mixtures can be experimentally verified, this method is* a 
numerical and measurable one, and in no sense arbitrary. 

with them ; they therefore belong to the class, of pteudomorphs, or false crystals. 
There is, however, no doubt of the existence of a whole series of natural and artificial 
homeomorphs, which differ from each other by atomic amounts of water, silica, and some 
other component parts. Thus, Thomsen (1874) showed a very striking instance. The 
metallic chlorides, RC1* often crystallise with water, and they do not then contain less 
than one molecule of water per atom of chlorine.. . The most familiar representative of 
the order RClj,2H,0 is BaCl2,dH 3 0, which crystallises in the rhombic system. Barium 
bromide, BaBr 2 ,2H 2 0, and copper chloride, C\iCl»,2H 2 0, have nearly the same forms 
potassium iodate,KIC> 4 ; potassium chlorate, KCIO4 ; potassium permanganate, KMn0 4 ; 
iariura sulphate, BaS0 4 ; calcium sulphate, CaS0 4 ; sodium sulphate, Na?S0 4 ; barium 
formate, BaC a H 2 4 , and others hate almost the same crystalline form (of the rhombio 
system). Parallel with this series is that of the metallic chlorides containing RC1*,4H 2 0, 
of the sulphates of the composition RS0 4 ,2H 2 0, and the formates RC9H 2 4 ,2H 2 0. 
These compounds belong to the monoclinic system, have a close resemblance of form, and 
differ from the first serietby containing two more molecules of water. The addition of two 
more molecules of water in all the above series also gives forms of the monoclinic system 
closely resembling each other ; for example, NiCl 2 ,6H 2 and MnS0 4 ,4H 2 0. Hence we 
see that not only is RCl^SHgO analogous in form to RS0 4 and RC 2 H 2 4 , but that their 
compounds with 2H s O and with 4H a O also exhibit closely analogous forms. From these 
examples it is evident that the conditions which determine a given form may be repeated 
not only in the presence of an isomorphous exchange— that is, with an equal number of 
atoms in the molecule — but also in the presence of an unequal number when there art 
peculiar and as yet ungenoralised relations in composition. Thus ZnO and AI3O9 
exhibit a close analogy of form. Both oxides belong to the rhombohedral system, and 
the angle between the pyramid and the terminal plane of the first is 118° 7', and of the 
second 118° 49*. Alumina, AlflOj, is also analogous in form to SiO*, and we slutll sea 
that these analogies of form are conjoined with a certain analogy in properties. It it 
not surprising, therefore, that in the complex molecule of a siliceous compound it is 
sometimes possible to replace SiO a by means of AlflOj, as Scheerer admits. The oxides 
CutO, MgO, NiO, Fe 5 4 , CeO?, crystallise in the regular system, although they are of 
very different atomic structure. Marignac demonstrated the perfect analogy of the 
forms of K 2 ZrF and CaCO*, and the former is even dimorphous, like the calcium car- 
bonate. The same salt is isomorphous with RjNbOFj and R* w 9 F 4 , where R is an 
alkali metal. There is 6h equivalency between CaCOj and K 2 ZrF 6l because K t it 
equivalent to Ca, C to Zr, and F c to O* and with the isomorphism of the other two salts 
we. find besides an equal contents of the alkali metal — an equal number of atoms 
on the one hand and an analogy to the properties of K^ZrF 6 on the other. The long- 
known isomorphism of the corresponding compounds of potassium and ammonium, KX 
and NH^X, may be taken as the simplest example of the fact that an analogy of form 
shows itself with an analogy of chemical reaction even without an equality in atomio 
composition. Therefore the ultimate progress of the entire doctrine of the correlation 
of composition and crystalline forms will only be arrived at with the accumulation of a 
sufficient number of facts collected on a plan corresponding with the problems which 
here present themselves.. The first steps have already been made. The researches of 
the Geneva tavant, Marignac, on the crystalline form and composition of many of the 
double fluorides, and the work of Wyruboft on the ferricyanides and other compounds, 
axe particularly important in this respect. It is already evident that, with a definite 
change of composition, certain angles remain constant, notwithstanding that others art 
subject to alteration. Such an instance of the relation of forms was observed by 
L*nrent, and named by him hemimorphitm (an anomalous term) when the analogy it 
limited to certain angles, tad paramorpkum when the Jonas in general approach each 
Other, bat belong to different systems. 80, for example, the angle of the planet of a 
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10 PRINCIPLES OF CHEMISTRY 

The regularity and simplicity expressed by the exact laws of crystal- 
line form repeat themselves in the aggregation of the atoms to form 
molecules. Here, as there, there are but few forms which are essen- 
tially different, and their apparent diversity reduces itself to a few 
fundamental differences of type. There the molecules aggregate 
themselves into crystalline forms ; here, the atoms aggregate them- 
selves into molecular forms or into the types of compounds. In both 
cases the fundamental crystalline or molecular ' forms are liable to 
variations, conjunctions, and combinations. If we know that potassium 
gives compounds of the fundamental type KX, where X is a univalent 
element (which combines with one atom of hydrogen, and is, according 
to the law of substitution, able to replace it), then we know the com- 
position of its compounds : K 2 0, KHO, KC1, NH 2 K, KN0 3 , K a S0 4 , 
KHS0 4 , K 2 Mg (S0 4 ) 2 ,6H 2 0, &c. All the possible derivative crystal- 
line forms are not known. So also all the atomic combinations are not 
known for every element. Thus in the case of potassium, KCH 3 , K 3 P, 

rhombobedron may be greater or less than 90°, and therefore 6uch acute and obtuse 
rhombohedra may closely approximate to the cube. Hausmannite, Mn 5 04, belongs to 
the tetragonal system, and the planes of its pyramid are inclined at an angle of about 
118°, whilst magnetic iron ore, Fe^O^-which resembles hausmannite in many respects, 
appears in regular octahedra — that is, the pyramidal planes are inclined at an angle of 
109° 28'. This is an example of paramorphism ; the systems are different, the composi- 
tions are analogous, and there is a certain resemblance in form. Hemimorphism has 
been found in many instances of saline and other substitutions. Thus, Laurent demon- 
strated, and Hintze confirmed (1878), that naphthalene derivatives of analogous compo- 
sition are hemimorphous. Nickles (1849) showed that in ethylene sulphate the angle of 
the prism is 125° 26', and in the nitrate of the same radicle 126° 95'. The angle of the 
prism of methylamine oxalate is 131° 20', and of fluoride, which is very different in com- 
position from the former, the angle is 132°. Groth (1870) endeavoured to indicate in 
general what kinds of change of form proceed with the substitution of hydrogen by 
various other elements and groups, and he observed a regularity which he termed 
morphotropy. The following examples show that morphotropy recalls the hemimorphism 
of Laurent. Benzene, C 6 H 6 , rhombic system, ratio of the axes 0891 : 1 : 0799. Phenol, 
CgH^OH), and resorcinol, CaH^OH)?, also rhombic system, but the ratio of one axis is 
changed — thus, in resorcinol, 0910 : 1 : 0540 ; that is, a portion of the crystalline struc- 
ture in one direction is the same, but in the other direction it is changed, whilst in the 
rhombic system dinitrophenol, C 6 H3(N0 2 ) 2 (OH) = 0833 : 1 : 0*753; trinitrophenol (picrio 
acid), CoH 2 (NO) s (OH) = 0937 : 1 : 0974 ; and the potassium salt = 0942 : 1 : 1854. 
Here the ratio of the first axis is preserved — that is, certain angles remain constant, 
and the chemical proximity of the composition of these bodies is undoubted. Laurent 
compares hemimorphism with architectural style. Thus, Gothic cathedrals differ in many 
respects, but there is an analogy expressed both in the sum total of their common 
relations and in certain details— for example, in the windows. It is evident that we may 
expect many fruitful results for molecular mechanics (which forms a problem common to 
many provinces of natural science) from the further elaboration of the data concerning 
those variations which take place in crystalline form when the composition of a substance 
is subjected to a known change, and therefore I consider it useful to point out to the 
student of science seeking for matter for independent scientific research this vast field for 
work which is presented by the correlation of form and composition. The geometrical regu- 
larity and varied beauty of crystalline forms offer no small attraction toresearchof this kind. 
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GROUPING OF THE ELEMENTS AND THE PERIODIC LAW 11 

K,Pt, and other like compounds which exist for hydrogen or chlo- 
rine, are unknown. 

Only a few fundamental types exist for the building up of atoms 
into molecules, and the majority of them are already known to us. If 
X stand for a univalent element, and R for an element combined with 
it, then eight atomio types may be observed : — 

xvX, ±1X2, RX3, xvXj, IvXg, RXg, xvXf, xvXgi 

Let X be chlorine or hydrogen. Then as. examples of the first type 
we have : H 2 , Cl 2 , HC1, KC1, NaCl, &c. The compounds of oxygen or 
oaloium may serve as examples of the type RX 2 : OH 3 , OCl a , OHC1, 
CaO, Ca(OH) 2 , CaCl 2 , <fec. For the third type RX a we know the 
representative NH 3 and the corresponding compounds N 2 O s , NO(OH), 
NO(OK), PCl a , P 2 3 , PH„ SbH 8 , Sb^O* B 2 0„ BC1 3 , A1 2 0„ <fcc. 
The type RX 4 is known among the hydrogen compounds. Marsh gas, 
CH 4 , and its corresponding saturated hydrocarbons, C n H 2ll+2 , are the 
best representatives. Also CH 3 C1, CC1 4 , SiC^, SnCl 4 , Sn0 2 , C0 2 , SiO* 
and a whole series of other compounds come under this class. The type 
RX A is also already familiar to us, but there are no purely hydrogen 
compounds among its representatives. Sal-ammoniac, NH 4 C1, and 
the corresponding NH 4 (OH), N0 2 (OH), C10 2 (OK), as well as PC1 5 , 
POCl 3 , &c., are representatives of this type. In the higher types also 
there are no hydrogen compounds, but in the type RX 6 there is 
the chlorine compound WC1 6 . However, there are many oxygen com- 
pounds, and among them S0 3 is the best known representative. To this 
class also belong S0 2 (OH) 2 , S0 2 C1 2 , S0 2 (OH)Cl, Cr0 3 , Ac, all of an 
acid character. Of the higher types there are in general only oxygen 
and acid representatives. The type RX 7 we know in perchloric acid, 
C10 3 (OH), and potassium permanganate, Mn0 3 (OK), is also a member. 
The type RX 8 in a free state is very rare ; osmic anhydride, Os0 4 , is 
the best known representative t>f it. 6 

6 The still more complex combinations — which are so clearly expressed in the 
cry s tallo- hydrates, double salts, and similar compounds — although they may be regarded 
as independent, are, however, most easily understood with our present knowledge 
as aggregations of whole molecules to which there are no corresponding double com* 
pounds, containing one atom of an element. B and many atoms of other elements RXa. 
The above types embrace all cases of direct combinations of atoms, and the formula 
MgS0 4 ,7lL,0 cannot, without violating known facts, be directly deduced from the types 
MgX n or SXn, whilst the formula MgS0 4 corresponds both with the type of the 
magnesium compounds MgX 3 and with the type of the sulphur compounds SOaX 3 , or in 
general SX*, where X a is replaced by (OH) 2 , with the substitution in this case of H a by 
the atom Mg, which always replaces H^ However, it must be remarked that the 
sodium crystallo-hydrates often contain 10H 3 O, the magnesium crystallo-hydrates 6 and 
7H9O, and that the type PtM^X^ is proper to the double salts of platinum, Ac. With 
the further development of our knowledge concerning crystallo-hydrates, double salts. 
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12 PRINCIPLES OF CHEMISTEY 

The four lower types' RX, RX 2 , RX 3 , and RX 4 are met with in 
compounds of the elements R with chlorine and oxygen, and also in 
their compounds with hydrogen, whilst the four higher types only 
appear for such acid compounds as are formed by chlorine, oxygen, and 
similar elements. 

Among the oxygen compounds the saline oxides which are capable 
of forming salts either through the function of a base or through the 
function of an acid anhydride attract the greatest interest in every 
respect. Certain elements, like calcium and magnesium, only give one 
saline oxide — for example, MgO, corresponding with the type MgX 2 . 
But the majority of the elements appear in several such forms. Thus 
copper gives CuX and CuX 2 , or Cu 2 and CuO. If an element R 
gives a higher type BX W then there often also exist, as if by symmetry, 
lower types, RX W _ 2 , RX^, and in general suoh types as differ from 
RX M by an even number of X. Thus in the case of sulphur the 
types SX 2 , SX 4 , and SX 6 are known — for example SH 2 , S0 2 , and 
SOj. The last type is the highest, SX 6 . The types SX 5 and SX 3 do 
not exist. But even and uneven types sometimes appear for one 
and the same element. Thus the types RX and RX 2 are known for 
copper and mercury. 

Among the saline oxides only the eight types enumerated below 
are known to exist. They determine the possible formulae of the com- 
pounds of the elements, if it be taken into consideration that an 
element which gives a certain type of combination may also give 
lower types. For this reason the rare type of the suboxides or 
quaternary oxides R 4 (for instance, Ag 4 0, Ag 2 Cl) is not characterise 

alloys, solutions, Ac, in the chemical sense of feeble compounds (that is, such m are 
easily destroyed by feeble chemical influences) it will probably be possible to arrive at a 
perfect generalisation for them. For a long time these subjects were only studied by the 
way or by chance ; our knowledge of them is accidental and destitute of system, and there- 
fore it is impossible to expect as yet any generalisation as to their nature. The days of 
Gerhardt are not long past when only three types were recognised : RX, RX^ and RX 5 | 
the type RX4 was afterwards added (by Cooper, Kekule*, Butleroff, and others), mainly for 
the purpose of generalising the data respecting the carbon compounds. And indeed many 
are still satisfied with these types, and derive the higher types from them ; for instance, 
RXj from RXj — as, for example, POCI3 from PC1 3 , considering the oxygen to be bound 
both to the chlorine (as in HCIO) and to the phosphorus. But the time has now arrived 
when it is clearly seen that the forms RX, RXj, RXj, and RX, do not exhaust the whole 
variety of phenomena. The revolution became evident when Wiirtz showed that PCI5 is 
not a compound of PC1 5 + Cl a (although it may decompose into them), but a whole 
molecule capable of passing into vapour, PC1 4 like PF 4 and SiF 4 . The time for the 
recognition of types even higher than RX 8 is in my opinion in the future ; that it will 
come, we can already see in the fact that oxalio acid, C?H 8 04, gives a crystallo* 
hydrate with 2H?0 ; but it may be referred to the type CH 4 , or rather to the type of 
•thane, C 4 H«, in which all the atoms of hydrogen are replaced by hydroxyl, C 3 Ha0 4 aH^O 
- Ca(OH)e (tee Chapter XXII., Note 85). 



Digitized by 



Google 
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tic it is always accompanied by one of the higher grades of oxidation, 
and the compounds of this type are distinguished by their great 
chemical instability, and split up into an element and the higher com- 
pound (for instance, Ag 4 0=2Ag+ Ag 2 0). Many elements, moreover, 
form transition oxides whose composition is intermediate, which are 
able, like N 2 o to split up into the lower and higher oxides. Thus 
icon gives magnetic oxide, Fe 3 4 , which is in all respects (by its re- 
actions) a compound of the suboxide FeO with the oxide Fe 2 3 . The 
independent and more or less stable saline compounds correspond with 
the following eight types : — 

R 2 , salts RX, hydroxides ROH. Generally basic like K 2 0, Na 2 0, 
Hg 2 0, Ag 2 0, Cu 2 ; if there are acid oxides of this composition they 
are very rare, are only formed by distinctly acid elements, and even 
then have only feeble acid properties ; for example, C1 2 and N 2 0. 
R 2 2 or RO ; salts RX 2 , hydroxides R(OH) 2 . The most simple basio 
salts R 2 OX 2 orR(OH)X ; for instance, the chloride Zn 2 OCl 2 ; also 
an almost exclusively basic type ; but the basic properties are more 
feebly developed than in the preceding type. For example, CaO 
MgO, BaO, PbO, FeO, MnO, Ac. 
R/) 3 ; salts RX 3 , hydroxides R(OH) 3 , RO(OH), the most simple basio 
salts ROX, R(OH)X 3 . The bases are feeble, like A1 2 3 , Fe 2 8 , 
Tl 2 3l Sb 2 3 . The acid properties are also feebly developed ; for 
instance, in B 2 3 ; but with the non-metals the properties of acids 
are already clear ; for instance, P 2 3 , P(OH) 3 . 
R 2 4 or R0 2 ; salts RX 4 or ROX„ hydroxides R(OH) 4 , RO(OH) 2 . 
Rarely bases (feeble), like Zr0 2 , Pt0 2 , more often acid oxides ; 
but the acid properties are in general feeble, as in C0 2 , S0 2 , 
SnOj. Many intermediate oxides appear in this and the preceding 
and following types. 
R a 5 , salts principally of the types ROX 3 , R0 2 X, RO(OH) 3 , 
R0 2 (OH), rarely RX 5 . The basic character (X, a halogen, 
simple or complex ; for instance, N0 3 , Cl,~ <fec.) is feeble , the acid 
character predominates, as is seen in N 2 5 , P 2 5 , C1 2 5 , then 
X=OH, OK, Ac, for example N0 2 (OK). 
R 2 6 or R0 3 ; salts and hydroxides generally of the type R0 2 X 2 , 
R0 2 (OH) 2 . Oxides of an acid character, as S0 3 , Cr0 3 , Mn0 3 . 
Basic properties rare and feebly developed as in U0 3 . 
R 2 7 ; salts of the form R0 3 X, R0 3 (OH), acid oxides ; for instance, 
C1 2 7 , Mn 2 7 . Basic properties as feebly developed as the acid 
properties in the oxides R 2 0. 
R 2 8 or R0 4 . A very rare type, and only known in Os0 4 and 
Ru0 4 . 
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It is evident from the circumstance that in all the* higher types 
the acid hydroxides (for example, HC10 4 , H 2 S0 4 , H s P0 4 ) and salts 
with a single atom of one element contain, like the higher saline 
type R0 4 , not more than four atoms of oxygen ; that the formation 
of the Saline oxides is governed by a certain eommon principle which 
is best looked for in the fundamental properties of oxygen, and in 
general of the most simple compounds. The hydrate of the oxide 
R0 2 is of the higher type R0 2 2H 8 = RR 4 4 as R(HO) 4 . Such, 
for example, is the hydrate of silica and the salts (orthosilicates) 
corresponding with it, Si(MO) 4 . The oxide R 2 8 corresponds with 
the hydrate R 2 8 3H 2 = 2RH 3 4 r= 2RO(OH) 8 . Such is ortho- 
phosphoric acid, PH3O3. The hydrate of the oxide RO* is 
R0 8 H 2 0=RH 2 4 ==R0 2 (OH) 2 — for instance, sulphuric acid. Tho 
hydrate corresponding to R^Qj is evidently RHO=R0 8 (OH) — 
for example, perchloric acid. Here, besides containing 4t it 
must further be remarked that the amount 0/ hydrogen in the hydrate 
is equal to the amount of hydrogen in the hydrogen compound. Thus 
silicon gives SiH 4 and SiH 4 4 , phosphorus PH 8 and PH 3 4 , sulphur 
SH 2 and SH 2 4 , chlorine C1H and C1H0 4 . This, if it does not 
explain, at least connects in a harmonious and general system the 
fact that the elements are capable of combining with a greater amount of 
oxygen, the less the amount of hydrogen which they are able to retain. 
In this the, key to the comprehension of all further deductions must be 
looked for, and we will therefore formulate this rule in general terms. 
An element R gives a hydrogen compound RH*, the hydrate of its 
higher oxide will be RH»0 4 , and therefore the higher oxide will contain 
2RH„0 4 — nH 2 0=sR 2 8 _. For example, chlorine gives C1H, hydrate 
C1H0 4 , and the higher oxide C1 2 7 . Carbon gives CH 4 and C0 2 . 
So also, Si0 2 and SiH 4 are the higher compounds of silicon with 
hydrogen and oxygen, like C0 2 and CH 4 . Here the amounts of oxygen' 
and hydrogen are equivalent. Nitrogen combines with a large amount 
of oxygen, forming N 2 8 , but, on the other hand, with a small quantity 
of .hydrogen in NH 8 . The sum of the equivalents of hydrogen and 
oxygen , occurring in combination with an atom of nitrogen, is, as 
always in the higher types, equal to eight It is the same with the 
other elements which combine with hydrogen and oxygen. Thus 
sulphur gives S0 3 ; consequently, six equivalents of oxygen fall to an 
atom of sulphur, and in SH 2 two equivalents of hydrogen. The sum 
is again equal to eight. The relation between CI 2 7 and C1H is the 
same. This shows that the property of elements of combining with 
such different elements as oxygen and hydrogen is subject to one 
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common law, which is also formulated in the system of the elements 
presently to be described. 7 

In the preceding we see not only the regularity and simplicity 
'which govern the formation and properties of the oxides and of all the 
compounds of .the elements, but also a fresh and exact means for 
recognising the analogy of elements. Analogous elements give com- 
pounds of analogous types, both higher and lower. If CO a and SO, are 
two gases which closely resemble each other both in their physical and 
chemical properties, the reason of this must be looked for not in an 
analogy of sulphur and carbon, but in that identity of the type 
of combination, RX 4 , which both oxides assume, and in that in- 
fluence which a large mass of oxygen always exerts on the properties 
of its compounds. In fact, there is little resemblance between carbon 
and sulphur, as is seen not only from the fact that C0 2 is the higher 
form of oxidation, whilst SO a is able to further oxidise into S0 3 , but 
also from the fact that all the other compounds — for example, SH a and 
OH 4 , SCl a and CC1 4 , &c. — are entirely unlike both in type and in 
chemical properties. This absence of analogy in carbon and sulphur 
is especially clearly seen in the fact that the highest saline oxides 
are of different composition, CO a for carbon, and SO a for sulphur. In 

7 'the hydrogen compounds, RjH, in equivalency correspond with the type of the 
suboxides, R 4 0. Palladium, sodium, and potassium give such hydrogen compounds, 
and It is worthy of remark that according to the periodic system these elements stand 
near to each other, and that in those groups where the hydrogen compounds B^H appear, 
the quaternary oxides R 4 are also present. 

Not wishing to complicate the explanation, I here only touch on the general features 
of the relation between the hydrates and oxides and of the oxides among themselves. 
Thus, for instance, the conception of the ortho-acids and of the normal acids will be 
considered in speaking of phosphoric and phosphorous acids. 

As in the further explanation of the periodic law only those oxides which give salts 
wiU be considered, I think it will not be superfluous to mention here the following facts 
relative to the peroxides. Of the peroxide$ corresponding with hydrogen peroxide, the 
following are at present known : H^O^ Na-,O a , 8 2 7 (as HS0 4 ?), K 2 4 , K 2 2 , Ca0 2 , 
Ti0 5 , Cr 2 7 , Cu0 2 (?), Zn0 2 , Rb^O*, SrOj, Ag 2 O a , Cd0 2 , Cs0 2f 08,0,, BaO a , Mo«,O r , 
8nO s , W 2 7 , UO4. It is probable that the number of peroxides will increase with 
further investigation. A periodicity is seen in those now known, for the elements 
(excepting Li) of the first group, which give R?0, form peroxides, and then the elements 
of the sixth group seem also to be particularly inclined to form peroxides, Rj0 7 ; but at 
present it is too early, in-my opinion, to enter upon a generalisation of this subject, not 
only because it is a new and but little studied matter (not investigated for all the 
elements), but also, and .more expecially, because in many instances only the hydrates 
are known — for instance, Mo^H^Oa — and they perhaps are only compounds of peroxide 
of hydrogen— for example, Mo^H^Og = 2Mo0 3 + HjOj— since Prof. Schone has shown that 
ELjO a and Ba0 2 possess the property of combining together and with other oxides. 
Nevertheless, I have, in the general table expressing the periodic properties of the 
elements, endeavoured to sum up the data respecting all the known peroxide compounds 
whose characteristic property Is seen in their capability to form eroxide of hydrogen 
under many circumstances. 
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16 PRINCIPLES OF CHEMISTRY 

Chapter VIII. we considered the limit to which carbon tends in 
its compounds, and in a similar manner there is for every element in 
its compounds a tendency to attain a certain highest limit RX» This 
view was particularly developed in the middle of the present century 
by Frankland in studying the metallo-organic compounds, i.e. those in 
which X is wholly or partially a hydrocarbon radicle ; for instance, 
X=CH a or C 8 H 5 <fcc Thus, for example, antimony, Sb (Chapter XIX.) 
gives, with chlorine, compounds SbCl and SbCl 5 and corresponding 
oxygen compounds Sb a 3 and Sb 2 5 , whilst under the action of CH,I, 
C,H 3 I, or in general £1 (where £ is a hydrocarbon radicle of the 
paraffin series), upon antimony or its alloy with sodium there are 
formed SbE 8 (for example, Sb(CH 3 )„ boiling at about 81 °), which, 
corresponding to the lower form of combination SbX 3 , are able to 
combine further with EI, or CI a, or 0, and to form compounds of the 
limiting type SbX 5 ; for example, SbE<Cl corresponding to NH 4 C1 with 
the substitution of nitrogen by antimony, and of hydrogen by the 
hydrocarbon radicle. The elements which are most chemically analogous 
are characterised by the fact of their giving compounds of similar form 
RX.. The halogens which are analogous give both higher and lower 
compounds. So also do the metals of the alkalis and of the alkaline 
earths. And we saw that this analogy extends to the composition and 
properties of the nitrogen and hydrogen compounds of these metals, 
which is best seen in the salts. Many such groups of analogous 
elements have long been known. Thus there are analogues of oxygen, 
nitrogen, and carbon, and we shall meet with many such groups. But 
an acquaintance with them inevitably leads to the questions, what 
is the cause of analogy and what is the relation of one group to 
-another f If these questions remain unanswered, it is easy to fall into 
error in the formation of the groups, because the notions of the degree 
of analogy will always be relative, and will not present any accuracy 
or distinctnesss. Thus lithium is analogous in some respects to 
potassium and in others to magnesium ; beryllium is analogous to 
both aluminium and magnesium. Thallium, as we shall afterwards 
see and as was observed on its discovery, has much kinship with 
lead and mercury, but some of its properties appertain to lithium and 
potassium. Naturally, where it is impossible to make measurements 
one is reluctantly obliged to limit oneself to approximate compari- 
sons, founded on apparent signs which are not distinct and are wanting 
in exactitude. But in the elements there is one accurately measurable 
property, which is subject to no doubt — namely, that property which is 
expressed In their atomio weights. Its magnitude indicates the rela- 
tive mass of the atom, or, if we avoid the conception of the atom, its 
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magnitude shows the relation between the masses forming the chemical 
and independent individuals or elements. And according to the teach- 
ing of all exact data about the phenomena of nature, the mass of a sub- 
stance is that property on which all its remaining properties must be 
dependent, because they are all determined by similar conditions or 
by those forces which act in the weight of a substance, and this is 
directly proportional to its mass. Therefore it is most natural to seek 
for a dependence between the properties and analogies of the elements 
on the one hand and their atomic weights on the other. 

This is the fundamental idea which leads to arranging all the 
elements according to their atomic weights, A periodic repetition of pro- 
perties is then immediately observed in the elements. We are already 
familiar with examples of this : — 

F =19, Cl=35-5 f Br=80, I =127, 

Na=23, K=39, Rb=85, Cs=133, 

Mg=24, Ca=40, Sr =87, Ba=137. 

The essence of the matter is seen in these groups. The halogens 
have smaller atomic weights than the alkali metals, and the latter 
than the metals of the alkaline earths. Therefore, if all the elements 
be arranged in the order of their atomic weights, a periodic repetition 
of properties is obtained. This is expressed by the law of periodicity 
the properties of the elements, as well as the forms and properties 
of their compounds, are in periodic dependence or (expressing our- 
selves algebraically) form a periodic function of the atomic weights of 
the elements. 9 Table I. of the periodic system of the elements, which is 

8 The periodic Uw and the periodic system of the elements appeared in the same 
form as here given in the first edition of this work, begun in 1868 and finished in 1871. 
In laying out the accumulated information respecting the elements, I had occasion to 
reflect on their mutual relations. At the beginning of 1869 I distributed among many 
chemist*! a pamphlet entitled • An Attempted System of the Elements, based on their 
Atomio Weights and Chemical Analogies,' and at the March meeting of the Russian 
Chemical Society, 1869,1 communicated a paper ' On the Correlation of the Properties and 
Atomio Weights of the Elements.' The substance of this paper is embraced in the follow- 
ing conclusions : (1) The elements, if arranged according to their atomic weights, exhibit an 
evident periodicity of properties. (2) Elements which are similar as regards their 
chemical properties have atomic weights which are either of nearly the same value 
(platinum, iridium, osmium) or which increase regularly (e.g. potassium, rubidium, caesium). 
(8) The arrangement of the elements or of groups of elements in the order of their 
atomio weights corresponds with their so-called valencies. (4) The elements, which are 
the most widely distributed in nature, have $mall atomio weights, and all the elements 
of small atomio weight are characterised by sharply defined properties. They are 
therefore typical elements. (5) The magnitude of the atomic weight determines the 
character of an element. (6) The discovery of many yet unknown elements may be 
expected. For instance, elements analogous to aluminium and silicon, whose atomio 
weights would be between 65 and 75. (7) The atomic weight of an element may some- 
times be corrected by aid of a knowledge of those of the adjacent elements. Thus 
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placed at the very beginning of this book, is designed to illustrate 

this law It is arranged in conformity with the eight types of 

oxides described in the preceding pages, and those elements which give 

the oxides, R s O and consequently salts RX* form the 1st group ; the 

elements giving R 2 2 or RO as their highest grade of oxidation belong 

to the 2nd group , those giving R 2 3 as their highest oxides form the 

3rd group, and so on ; whilst the elements of all the groups which are 

nearest in their atomic weights are arranged in series from 1 to 12. 

The even and uneven series of the same groups present the same forms 

and limits, but differ in their properties, and therefore two contiguous 

series, one even and the other uneven — for instance, the 4th and 5th — 

form a period. Hence the elements of the 4th, 6th, 8th, 10th, and 12th, 

or of the 3rd, 5th, 7th, 9th, and 11th, series form analogues, like the 

halogens, the alkali metals, <fcc. The conjunction of two series, one even 

the combining weight of tellurium must lie between 128 and 126, and cannot be 126. 
(8) Certain characteristic properties of the elements can be foretold from their atomic 
weights. 

The entire periodic law is included in these lines. In the series of subsequent papers 
(1870-72, for example, in the Transaction* of the Russian Chemical Society, of the 
Moscow Meeting of Naturalists, of the St. Petersburg Academy, and Liebig's Annalen) on 
the bame subject we only find applications of the same principles, which were afterwards 
confirmed by the labours of Roscoe, Carnelley, Thorpe, and others in England ; of Ram- 
melsberg (cerium and uranium), L. Meyer (the specific volumes of the elements), 
Zimmermann (uranium), and more especially of C. Winkler (who discovered germanium, 
and showed its identity with ekasilicon), and others in Germany ; of Lecoq de Bois- 
baudran in France (the discoverer of gallium = ekaaluminium) ; of Clcve (the atomio 
weights of the cerium metals), Nilson (discoverer of scandium = ekaboron), and Nil son 
and Pettersson (determination of the vapour density of beryllium chloride) in Sweden ; 
and of Brauner (who investigated cerium, and determined the combining weight of 
tellurium = 125) in Austria, and Piccini in Italy. 

I consider it necessary to state that, in arranging the periodio system oULhe elements, 
I mode use of the previous researches of Dumas, Gladstone, Pettenkofer, Kremers, and 
Lenssen on the atomio weights of related elements, but I was not acquainted with the 
works preceding mine of De Chancourtois (vt» tellurique, or the spiral of the elements 
according to their properties and equivalents) in France, and of J. Newlands (Law of 
Octaves— for instance, H, F, CI, Co, Br, Pd, I, Pt form the first octave, and O, S, Fe, 
8e, Rh, Te, Au, Th the last) in England, although certain germs of the periodio law are 
to be seen in these works. With regard to the work of Prof. Lothar Meyer respecting 
the periodic law (Notes 12 and 18), it is evident, judging from the method of investi* 
gation, and from his statement (Liebig's Ann&len, Supt. Band 7, 1870, 854), at the very 
commencement of which he cites my paper of 1869 above mentioned, that he accepted 
the periodic law in the form which I proposed. 

In concluding this hiitorical statement I consider it well to observe that no law 
of nature, however general, has been established all at once ; its recognition is always 
preceded by many hints ; the establishment of a law, however, does not take place when 
its significance is recognised, but only when it has been confirmed by experiment, which 
the man of science must consider as the only proof of the correctness of his conjectures 
and opinions. I therefore, for my part, look upon Roscoe, De Boisbaudran, Nilson, 
Winkler, Brauner, Carnelley, Thorpe, and others who verified the adaptability of the 
periodic law to chemical facts, as the true founders of the periodic law, the further de* 
▼elopment of which still awaits fresh workers. 
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'and one contiguous uneven series, thus forms one large period. These 
periods, beginning with the alkali metals, end with the halogens. The 
elements of the first two series have the lowest atomic weights, and in 
consequence of this very circumstance, although they bear the general 
properties of a group, they still show many peculiar and independent 
properties. 9 Thus fluorine, as we know, differs in many points from 
the other halogens, and lithium from the other alkali metals, and 
so on. These lightest elements may be termed typical elements. They 
include — 

H. 

Li, Be, B, C, N, O, P. 

Na, Mg 

In the annexed table all the remaining elements are arranged, not 
in groups and series, but according to periods. In order to under- 
stand the essence of the matter, it must be remembered that here the 
atomic weight gradually increases along a given line ; for instance, in 
the line commencing with K=39 and ending with Br=80, the inter- 
mediate elements have intermediate atomic weights, as is clearly seen 
in Table III., where the elements stand in the order of their atomic 
weights. 

l n. ui. rv v. vi. vii. i. n. in. rv. v. vi. vil 

^ s cries, Mg Al Si P S CI 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br 

Rb Sr Y Zr Nb Mo — Ru Rh Pd Ag Cd In Sn Sb Te I 

CsBaLaCeDit— — — — — — ~- — 

Yb — Ta W - Os Ir Pt Au Hg Tl Pb Bi 

_ .— „..» Th _.. , ,, TT ^^ - .^ — * 

Uneven Series. 

The same degree of analogy that we know to exist between potassium, 
rubidium, and ctesium ; or chlorine, bromine, and iodine ; or calcium, 
strontium, and barium, also exists between the elements of the other 
vertical columns. Thus, for example, zinc, cadmium, and mercury, 
which are described in the following chapter, present a very close 
analogy with magnesium. For a true comprehension of the matter 10 it 

• This resembles the fact, well known to .those having an acquaintance with organic 
chemistry, that in a series of homologues (Chapter VIII.) the first members, in which 
there is the least carbon, although showing the general properties of the homologous 
aeries, still present certain distinct peculiarities, 

10 Besides arranging the elements (a) in a successive order according to their atomic 
weights, with indication of their analogies by showing some of the properties — for 
instance, their power of giving one or another form of combination — both of the elements 
and of their compounds (as is done in Table III. and in the table on p. 80), (6) accord- 
ing to periods (as in Table L At the commencement of volume L after the preface^ 
and (c) according to groups and series or small periods (at m the same tables), I am 

•2 
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Is very important to see that all tho aspects of the distribution 
oE the elements according to their atomic weights essentially express 

acquainted with the following methods of expressing the periodic relations of the elements t 
(1) By a curve drawn through points obtained in the following manner : The elements 
are arranged along the horizontal axis as abscissae at distances from zero proportional to 
their atomic weights, whilst the values for all the elements of some property — for example, 
the speoiflo volumes or the melting points, are expressed by the ordinates. This method, 
although graphic, has the theoretical disadvantage that it does not in any way indicate 
the existence of a limited and definite number of elements in each period. There is 
nothing, for instance, in this method of expressing the law of periodicity to show that 
between magnesium and aluminium there can be no other element with an atomic Weight 
of, say, 35, atomic volume 18, and in general having properties intermediate between those 
of these two elements. The actual periodic law does not correspond with a continuous 
change of properties, with a continuous variation of atomic weight — in a word, it does 
not express an uninterrupted function — and as the law is purely ohemical, starting from 
the conception of atoms and molecules which combine in multiple proportions, with 
intervals (not continuously), it above all depends on there being but few types of com- 
pounds, which are arithmetically simple, repeat themselves, and offer no uninterrupted 
transitions, so that each period can only contain a definite number of members. 
For this reason there can be no other elements between magnesium, which gives the 
chloride MgCl 2 , and aluminium, which forms A1X- ; there is a break in the continuity, 
according to the law of multiple proportions. The periodic law ought not, therefore, to 
be expressed by geometrical figures in which continuity is always understood. Owing to 
these considerations I never have and never will express the periodic relations of the 
elements by any geometrical figures. (2) By a plane spiral. Radii are traced from a 
centre, proportional to the atomic weights ; analogous elements lie along one radius, and 
the points of intersection are arranged in a spiral. This method, adopted by De 
Chancourtois, Baumgauer, E. Huth, and others, has many of the imperfections of the 
preceding, although it removes the indefiniteness as to the number of elements in a period. 
It is merely an attempt to reduce the complex relations to a simple graphic represen- 
tation, since the equation to the spiral and the number of radii are not dependent upon 
anything. (3) By the lines of atomicity, either parallel, as in Reynolds's and the Rev. 
S. Haoghton's method, or as in Crookes's method, arranged to the right and left of an 
axis, along which the magnitudes of the atomic weights are counted, and the position 
of the elements marked off, on the one side the members of the even -series (para* 
magnetic, like oxygen, potassium, iron), and on the other side the members of the 
uneven series (diamagnetic, like sulphur, chlorine, zinc, and mercury). On joining up 
these points a periodic curve is obtained, compared by Crookes to the oscillations of a 
pendulum, and, according to Haughton, representing a cubical curve. This method 
would be very graphic did it not require, for instance, that sulphur should be con- 
sidered as bivalent and manganese as univaleut, although neither of these elements give* 
■table derivatives of these natures, and although the one is taken on the basis of the 
lowest possible compound SX 2 , and the other of the highest, because manganese can be 
referred to the univalent elements only by the analogy of KMnO< to KC10 4 . Further- 
more, Reynolds and Crookes place hydrogen, iron, nickel, cobalt, and others outside the 
axis of atomicity, and consider uranium as bivalent without the least foundation. (4) 
Rantsheff endeavoured to classify the elements in their periodic relations by a system 
dependent on solid geometry. He communicated this mode of expression to the Russian 
Chemical Society, but his communication, which is apparently not void of interest, 
has not yet appeared in print. (5) By algebraic formula : for example, E. J. Mills 
(1886) endeavours to express all the atomio weights by the logarithmio function 
Ab 15 (n- 0*98750, >n which the variables n and t are whole numbers. For instance, for 
oxygen n • 2, t = 1 ; hence A = 1594 ; for antimony n = 9, t *■ ; whence A = 120, and so on. 
n varies from 1 to 16 and t from to 59. The analogues are hardly distinguishable by 
this method : thus for chlorine the magnitudes of n and t are 8 and 7 ; for bromine 6 and 6 ; 
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one and the same fundamental dependence — periodic }>ropertie8. u The 
following points then must be remarked in it. 

for iodine 9 and 9 ; for potassium 8 and 14 ; for rubidium 6 and 18 ; for cesium 9 and 20 ; 
but a certain regularity seems to be shown. (6) A more natural method of expressing 
the dependence of the properties of elements on their atomic weights is obtained by 
trigonometrical functions, because this dependence is periodic like the functions of trigo- 
nometrical lines, and therefore Ridberg in Sweden (Lund, 1885) and F. Flavitzky in Russia 
(Kazan, 1687) have adopted a similar method of expression, which must be considered 
as worthy of being worked out, although it does not express the absence of intermediate 
elements — for instance, between magnesium and aluminium, which is essentially the 
most important part of the matter. (7) The investigations of B. N. Tchitche'rin (1888, 
Journal of the Russian Physical and Chemical Society) form the first effort in the 
latter direction. He carefully studied the alkali metals, and discovered the following 
simple relation between their atomic volumes : they can all be expressed by A (2 — 0*0428 An), 
where A is the atomic weight and n «■ 1 for lithium and sodium, f for potassium, | for 
rubidium, and § for ceesium. If n always «= 1, then the volume of the atom would 
become zero at A = 46$, and would reach its maximum when A =23$, and the density 
increases with the growth of A. In order to explain the variation of n, and the relation of 
the atomic weights of the alkali metals to those of the other elements, as also the atomicity 
itself, Tchitche'rin supposes all atoms to be built up of a primary matter; he con- 
siders the relation of the central to the peripheric mass, and, guided by mechanical prin- 
ciples, deduces many of the properties of the atoms from the reaction of the internal and 
peripheric parts of each atom. This endeavour offers many interesting points, but it 
admits the hypothesis of the building up of all the elements from one primary matter, 
and at the present time such an hypothesis has not the least support either in theory or 
in fact. Besides which the starting-point of the theory is the specific gravity of the 
metals at a definite temperature (it is not known how the above relation would appear 
at other temperatures), and the specific gravity varies even under mechanical influences. 
L. Hugo (1884) endeaVoured to represent the atomic weights of Li, Na, K, Rb, and Cs 
by geometrical figures— for instance, Li = 7 represents a central atom = 1 and six atoms on 
the six terminals of an octahedron ; Na, is obtained by applying two such atoms on each 
edge of an octahedron, and so on. It is evident that such methods can add nothing new 
to our data respecting the atomic weights of analogous elements. 

11 Many natural phenomena exhibit a dependence of a periodic character. Thus the 
phenomena of day and night and of the seasons of the year, and vibrations of all kinds, 
exhibit variations of a periodic character in dependence on time and space. But in 
ordinary periodic functions one variable varies continuously, whilst the other increases 
to a limit, then a period of decrease begins, and having in turn reached its limit a period 
of increase again begins. It is otherwise in the periodic function of the elements. Here 
the mass of the elements does not increase continuously, but abruptly, by steps, as from 
magnesium to aluminium. So also the valency or atomicity leaps directly from 1 to 2 to 
S, &c, without intermediate quantities, and in my opinion it is these properties which 
are the most important, and it is their periodicity which forms the substance of the 
periodic law. It expresses the properties of the real element$ t and not of what may be 
termed their manifestations visually known to us. The external properties of elements 
and compounds are in periodic dependence on the atomio weight of the elements only 
because these external properties are themselves the result of the properties of the real ele- 
ments which unite to form the ' free ' elements and the compounds. To explain and express 
the periodic law is to explain and express the cause of the law of multiple proportions, of 
the difference of the elements, and the variation of their atomicity, and at the same time 
to understand what mass and gravitation are. In my opinion this is still premature. But 
just as without knowing the cause of gravitation it is possible to make use of the law* of 
gravity, so for the aims of chemistry it is possible to take advantage of the laws discovered 
by chemistry without being able to explain their causes. The above-mentioned peon* 
liarity of the laws of chemistry respecting definite compounds and the atomic weights 
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1. The composition of the higher oxygen compounds is determined 
by the groups : the first group gives R 2 O f the second R 2 2 or RO, 
the third R a 3 , &c. There are eight types of oxides and therefore 
eight groups. Two groups give a period, and the same type of oxide 
is met with twice in a period. For example, in the period beginning 
with potassium, oxides of the composition RO are formed by calcium 
and zinc, and of the composition R0 3 by molybdenum and tellurium. 
The oxides of the even series, of the same type, have stronger basic 
properties than the oxides of the uneven series, and the latter as a 
rule are endowed with an acid character. Therefore the elements 
which exclusively give bases, like the alkali metals, will be found at the. 
commencement of the period, whilst such purely acid elements as the 
halogens will be at the end of the period. The interval will be occu- 
pied by intermediate elements, whose character and properties we shall 
afterwards describe. It must be observed that the acid character is 
chieBy proper to the elements with small atomic weights in the uneven 

leads one to think that the time has not yet come for their full explanation, and I do not 
think that ii will come before the explanation of such a primary law of nature as the taw 
of gravity. 

It will not be out of place here to turn our attention to the many-sided correlation 
existing between the undecomposable elements and the compound carbon radicles, 
which has long been remarked (Pettenkofer, Dumas, and others), and reconsidered in 
recent times by Carnclley (1886), and most originally io Pelopidas's work (188S) on the 
principles of the periodic system. Pelopidas compares the series containing eight hydro- 
carbon radicles, CtH? N ♦ t , C N H 2 n &c, for instance, C«H 1S , C 6 H l2 , C«H U , C«H I0 , C C H* C 6 H|, 
C«H 7 , and C«H b — with the series of the elements arranged in eight groups. The analogy 
is particularly clear owing to the property of CwH?**, to combine with X, thus reaching 
saturation, and of the following members with X 2 ,X 3 . . . X 8 , and especially because these 
are followed by an aromatio radicle — for example, C ft H 5 — in which, as is well known, many 
of the properties of the saturated radicle C fl H I3 are repeated, and in particular the power 
of forming a univalent radicle again appears. Pelopidas shows a confirmation of the 
parallel in the property of the above radicles of giving oxygen compounds corresponding 
with the groups in the periodic system. Thus the hydrocarbon radicles of the first group 
—for instance, C e H, 3 or C e H 6 — give oxides of the form R,0 and hydroxides RHO, like the 
metals of the alkalis ; and in the third group they form oxides RjOj and hydrates RO»H. 
For example, in the series CH 5 the corresponding compounds of the third group will be the 
oxide (CH) 3 Oj or C,H a Oj— that is, formic anhydride and hydrate, CHO a H, or formic acid. 
In the sixth group, with a composition of C^, the oxide R0 5 will be C?0 5 , and hydrate 
C1H5O4 — that is, also a bibasic acid (oxalic) resembling sulphuric, among the inorganio 
acids. After applying his views to a number of organic compounds, Pelopidas dwells 
more particularly on the radicles corresponding with ammonium. 

Wish respect to this remarkable parallelism, it must above all be observed that in the 
elements the atomic weight increases in passing to contiguous members of a higher 
valency, whilst here it decreases, which should indicate that the periodio variability of 
elements and compounds is subject to some higher law whose nature, and still more 
whose cause, cannot at present be determined. It is probably based on the fundamental 
principles of the internal mechanics of the atoms and molecules, and as the periodic law 
has only been generally recognised for a few years it is not surprising that any further 
progress towards its explanation can only be looked for to the development of facte 
touching on this subject. 
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series, whilst the basic character is exhibited by the heavier elements 
in the even series. Hence elements which give acids chiefly predominate, 
among the lightest (typical) elements, especially in the last groups ; 
whilst the heaviest elements, even in the last groups (for instance, 
thallium, uranium) have a basic character. Thus the basic and acid 
characters of the higher oxides are determined (a) by the type of oxide, 
(b) by the even or uneven series, and (c) by the atomic weight. 11 bli 
The groups are indicated by Roman numerals from I. to VIII. 

2. The hydrogen compounds being volatile or gaseous substances 
which are prone to reaction — such as HC1, H a O, H 3 N, and H 4 C ia — 
are only formed by the elements of the uneven series and higher groups 
giving oxides of the forms R a O A , BO s , R s 5 , and R0 2 . 

3. If an element gives a hydrogen compound, RX., it forms an 
urgano -metallic compound of the same composition, where X = O n H tll4 .i ; 
that is, X is the radicle of a saturated hydrocarbon. The elements of 
the uneven series, which are incapable of giving hydrogen compounds, 
and give oxides of the forms RX, RX 2 , RX 8 , also give organo- 
metallic compounds of this form proper to the higher oxides. Thus 

ii bb True peroxides {see Note 7), like H a 2 , Ba0 2 , 8 9 7 (Chapter XX.), must not bo 
confused with true saline oxides even if the Utter contain much oxygen (for instance, 
N»0 5 , CrOj, Ac.) although one and the other easily oxidise. The difference between them 
b seen in their fundamental properties : the saline oxides correspond to water, while the 
peroxides correspond in their reactions and origin to peroxide of hydrogen. This is 
clearly seen in the difference between Na-jO and Na?0 3 (Chapter XII.). Therefore the 
peroxides should also have their periodicity. An element R, giving a highest degree of 
oxidation, R»0«, may give both a lower degree of oxidation, R^On-m (where m is evidently 
less than n), and peroxides, R 2 0,i + lt R 2 Oh + 2 . or even more oxygen. This class of oxides, 
to which attention has only recently been turned (Berthelot, Piccioi, 6c.),. may perhapt 
on further study give the possibility of generalising the capability of the elements to give 
Unstable complex higher forms of combination, such as doable salts, and in my opinion 
should in the near future be the field of new and important discoveries. And in con tern • 
porary chemistry, salts, saline oxides, hydrogen compounds, and other combinations of 
the elements corresponding to them constitute an important and very complex problem 
for generalisation, which is satisfied by the periodic law in its present form, to which it 
has risen from its first state, in which it gave the means of foreseeing {see later on) the 
existence of unknown elements (Ga, So, and Oe), their properties, and many details 
respecting their compounds. Until those improvements in the periodic system which 
have been proposed by Prof. Flavitzsky (of Kazan) and Prof. Harperath (of Cordoba, in 
the Argentine Republic), Ugo Alvisi (Italy), and others give similar practical result*, X 
think it unnecessary to discus*) them further. 

tv The hydrides generalised by the periodic law are those to which metallo-organio 
compounds correspond, and they are themselves either volatile or gaseous. The hydrogen 
compounds like Na^H, BaH, &c. are distinguished by other signs. They resemble 
alloys. They show (see eud of .last chapter) a systematic harmony, but they evidently 
should not be confused with true hydrides, any more than peroxides with saline oxide*. 
Moreover, such hydrides have, like the peroxides, only recently been subjected to 
research, and have been but little studied. The best known of these compounds are 
gfven in the 16th column of Table III., and it will be seen that they already exhibit •> 
periodicity of properties and composition. 
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zinc forms the oxide ZnO, salts ZnX 2 , and zinc ethyl Zn(C 4 H a )2. The 
elements of the even series do not seem to form organo- metallic com- 
pounds at all ; at least all efforts for their preparation have as jet 
been fruitless — for instance, in the case of titanium, zirconium, or 
iron. 

4. The atomic weights of elements belonging to contiguous periods 
differ approximately by 45 ; for example, K < Rb, Cr < Mo, Br I. 
But the elements of the typical series show much smaller differences. 
Thus the difference between the atomic weights of Li, Na, and K, 
between Ca, Mg, and Be, between Si and C, between S and O, and 
between CI and F, is 16 As a rule, there is a greater difference 
between the atomic weights of two elements of one group and belong- 
ing to two neighbouring series (Ti-Si = V — P = Cr— S == Mn — CI 
= Nb— As, <fcc. = 20) ; and this difference attains a maximum with the 
heaviest elements (for example, Th-Pb = 26, Bi— Ta = 26, Ba-Cd 
= 25, »kc.). Furthermore, the difference between the atomic weights 
of the elements of even and uneven series also increases. In fact, the 
differences between Na and K, Mg and Ca, Si and Ti, are less abrupt 
than those between Pb and Th, Ta and Bi, Cd and Ba, ifcc. Thus even 
in the magnitude of the differences of the atomic weights of analogous 
elements there is observable a certain connection with the gradation of 
their properties. 12 bi * 

5. According to the periodic system every element occupies a cer- 
tain position, determined by the group (indicated in Roman numerals) 
and series (Arabic numerals) in which it occurs. These indicate the 
atomic weight, the analogues, properties, and type of the higher oxide, 
and of the hydrogen and other compounds— in a word, all the chief 
quantitative and qualitative features of an element, although there yet 
remain a whole series of further details and peculiarities whose cause 

it bb The relation between the atomic weights, and especially the difference = 16, was 
observed in the sixth and seventh decades of this century by Dumas, Pettenkofer, L. Meyer, 
And others. Thus Lothar Meyer in 1864, following Dumas end others, grouped together 
the tetravalent elements carbon and silicon ; the trivalent elements nitrogen, phosphorus, 
arsenic, antimony, and bismuth ; the bivalent oxygen, sulphur, selenium, and tellurium ; 
the univalent fluorine, chlorine, bromine, and iodine; the univalent metals lithium, 
sodium, potassium, rubidium, caesium, and thallium, and the bivalent metals beryllium, 
magnesium, strontium and barium — observing that in the first the difference is, in general 
- 16, in the second about = 46, and the last about = 87-90. The first germs of the periodic 
law are visible in such observations as these. Since its establishment this subject has been 
most folly worked out by Ridberg (Note 10), who observed a periodicity in the variation of 
the differences between the atomic weights of two contiguous elements, and its relation to 
their atomicity. A. Bazaroff (1887) investigated the same subject, taking, not the arith- 
metical differences of contiguous and analogous elements, but the ratio of their atomio 
weights ; and he also observed that this ratio alternately rises and falls with the rise of 
the atomic weights. I will here remark that the relation of the eighth group to the others 
will be considered at the end of this work in Chapter XXII. 
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should perhaps be looked for in small differences of the atomic weights. 
If in a certain group there occur elements, R , R 2 , R,, and if in that 
series which contains one of these elements, for instance R 2 , an 
element Q 2 precedes it and an element T 3 succeeds it, then the pro- 
perties of R 2 are determined by the properties of R,, R 3 , Q 2 , and T 2 . 
Thus, for instance, the atomic weight of R 2 = £(R, + R 3 4-Q 2 -f T 2 ). 
For example, selenium occurs in the same group as sulphur, S = 32, and 
tellurium, Te = 125, and, in the 7th series As = 75 stands before it and 
Br a=. 80 after it. Hence the atomic weight of selenium should be 
£(32 + 1 25 + 75 + 80) = 78, which is near to the truth. Other proper- 
ties of selenium may also be determined in this manner For example, 
arsenic forms H 3 As, bromine gives HBr, and it'is evident that selenium, 
which stands between them, should form H 2 Se, with properties in* 
termediate between those of H 3 As and HBr. Even the physical 
properties of selenium and its compounds, not to speak of their composi- 
tion, being determined by the group in which it occurs, may be foreseen 
with a close approach to reality from the properties of sulphur, tellurium, 
arsenic, and bromine. In this manner it ts possible to foretell the pro- 
perties of still unknown elements. For instance in the position FV, 5 — 
that is, in the IVth group and 5th series — an element is still wanting. 
These unknown elements may be named after the preceding known ele- 
ment of the same group by adding to the first syllable the prefix elect-, 
which means one in Sanskrit. The element IV, 5, follows after IV-, 3, 
and this latter position being occupied by silicon, we call the un- 
known element ekasilicon and its symbol Es. The following are 
the properties which this element should have on the basis of the 
known properties of silicon, tin, zinc, and arsenic Its atomic weight 
is nearly 72, higher oxide Es0 2 , lower oxide EsO, compounds of the 
general form EsX 4 , and chemically unstable lower compounds of the 
form EsX 7 . Es gives volatile organo-metallic compounds — for instance, 
Es(CH 3 ) 4 , Es(CH 3 ) 3 Cl, and Es(C 2 H 4 ) 4 , which boil at about 160°, <fcc, ; 
also a volatile and liquid chloride, EsCl 4 , boiling at about 90° and of 
specific gravity about I '9. Es0 2 will be the anhydride of a feeble col- 
loidal acid, metallic Es will be rather easily obtainable from the oxides 
and from K 2 EsF 6 by reduction, EsS 2 will resemble SnS 9 and SiS 2 , and 
will probably be soluble in ammonium sulphide ; the specific gravity 
of Es will be about 5*5, Es0 2 will have a density of about 4*7, &c. 
Such a prediction of the properties of ekasilicon was made by me in 
1871, on the basis of the properties of the elements analogous to it : 
IV, 3, = Si, IV, 7 a Sn, and also II, 5 = Zn and V, 5 = As. And now 
that this element has been discovered by G Winkler, of Freiberg, it 
has been found that its actual properties entirely correspond with those 
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which were foretold. 13 In this we see a most important confirmation 
of the truth of the periodic law. This element is now called ger- 
manium, Ge (see Chapter XVIII.) It is not the only one that has been 
predicted by the periodic la w, M We shall see in describing the elements 
of the third group that properties were foretold of an element eka- 
aluminium, III, 5, El = 68, and were afterwards verified when the 
metal termed * gallium ' was discovered by De Boisbaudran. So also the 
properties of scandium corresponded with those predicted for ekaboron, 
according to Nilson . 1 8 

15 The Uwb of nature admit of no exceptions, and tn this they clearly differ from 
each rales and maxims as are found in grammar, and other inventions, methods, and 
relations of man's creation. The confirmation of a law is only possible by deducing 
consequences from it, each as could not possibly be foreseen without it, and by verifying 
those consequences by experiment and further proofs. Therefore, when I conceived the 
periodic law, I (1869-1871, Note 9) deduced such logical consequences from it as could 
serve to show whether it were true or not. Among them was the prediction of the 
properties of undiscovered elements and the correction of the atomic weights of many, 
and at that time little known, elements. Thus uranium was considered as trivalent, 
U «= 130 ; but as such it did not correspond with the periodic law. I therefore proposed to 
double its atomic weight — U = 240, and the researches of Roscoe, Zimmermann, and others 
justified this alteration (Chapter XXI.). It was the same with cerium (Chapter'XVUL) 
whose atomic weight it was necessary to change according to the periodic law. I therefore 
determined its specific heat, land the result I obtained was verified by the new deter- 
minations of Hillebrand. I then corrected certain formulas of the cerium compounds* 
and the researches of Rammelsberg, Brauner, Cleve, and others verified the proposed 
alteration. It was necessary to do one or the other — either to consider the periodic Law 
as completely true, and as forming a new instrument in chemical research, or to refute it* 
Acknowledging the method of experiment to be the only true one, I myself verified what 
I could, and gave every one the possibility of proving or confirming the law, and did not 
think, like L. Meyer (Liebig's Annalen, Supt. Band 7, 1870, 864), when writing about the 
periodic law that « it would be rash to change the accepted atomic weights on the basis of 
so uncertain a starting-point.' (' Es wiirde voreilig sein, auf so unsichere Anhaltspunkte 
hin eine Aenderung der bisher angenommenen Atomgewichte vorsunehmen.') In my 
opinion, the basis offered by the periodic law had to be verified or refuted, and experiment 
in every case verified it. The starting-point then became general. No law of nature can 
be established without such a method of testing it. Neither De Chancourtois, to whom 
the French ascribe the discovery of the periodic law, nor Newlands, who is put forward by 
the English, nor L. Meyer, who is now cited by many as its founder, ventured to foretell 
the properties of undiscovered elements, or to alter the • accepted atomic weights,' or, in 
general, to regard the periodic law as a new, strictly established law of nature, as I did 
from the veTy beginning (1869). 

u When in 1871 1 wrote a paper on the application of the periodic law to the deter- 
mination of the properties of hitherto undiscovered elements, I did not think I should live 
to see the verification of this consequence of the law, but such was to be the case. Three 
elements were described— ekaboron, ekaaluminium, and ekasilicon— and now, after the 
lapse of twenty years, X have had the great pleasure of seeing them discovered and 
named Gallium, Scandium, and Germanium, ajter those three countries where the raii 
minerals containing them are found, and where they were discovered. For my put I 
regard L. de Boisbaudran, Nilson, and Winkler, who discovered these elements, ae tke tlfto 
eorroborators of the periodic law. Without them it would not have been accepted settst 
extent it now is. 

16 Taking indium, which occurs together with sine, as our example, we will show the 
principle of the method employed. The equivalent -of indium to hydrogen in its oxide It 
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6. As a true law of nature is one to which there are no exceptions, 
the periodic dependence of the properties on the atomic weights 
of the elements gives a new means for determining by Hie equiva- 
lent the atomic weight or atomicity of imperfectly investigated but 
known elements, for which no other means could as yet be applied 
for determining' the true atomic weight. At the time (1869) when the 
periodic law was first proposed there were several such elements. It 
thus became possible to learn their true atomic weights, and these were 
verified by later, researches. Among the elements thus concerned were 
indium, uranium, cerium, yttrium, and others. 15 

7. The periodic variability of the properties of the elements in 
dependence on their masses presents a distinction from other kinds 
of periodic dependence (as, for example, the sines of angles vary 
periodically and successively with the growth of the angles, or the 
temperature of the atmosphere with the course of time), in that the 
weights of the atoms do not increase gradually, but by leaps , that is, 
according to Dalton's law of multiple proportions, there not only aro 
not, but there cannot be, any transitive or intermediate elements between 

877— that is, if we suppose Its composition to be like that of water; then Ins 87*7, and 
the oxide of indium is IivjO. The atomic weight of indium was taken as double the equiva- 
lent — that is, indium was considered to be a bivalent element—and In*»2* 87*7«*75'4. 
If indium only formed an oxide, RO, it should be placed in group II. But in this 
case it appears that there would be no* place for indium in the system of the elements, 
because the positions II., 5 = Zn *» 65 and IE., 6 = Sr = 67 were already occupied by 
known elements, and according to the periodic law an element with an atomic weight 75 
could not be bivalent. As neither the vapour density nor tha specific heat, nor even the 
isomorphism (the salts of indium crystallise with great difficulty) of the compounds of 
indium were known, there was no reason for considering it to be a bivalent metal, and' 
therefore it might be regarded as trivalent, quadrivalent, See. If it be trivalent, then 
In = 8x 87 7 = 118, and the composition of the oxide is In 3 O s , and of its salts InX 5 . In 
this case it at once falls into its place in the system, namely, in group III. and 7th 
series, between Cd»112 and 8n = 118, as an analogue of aluminium or dvialuminium 
(dvi s 2 in Sanskrit). All the properties observed in indium correspond with this 
position ; for example, the density, cadmium » 8*0, indium = 7*4, tin «= 7*2 ; the basio 
properties of the oxides CdO, In a O s , Sn0 2 , successively vary, so that the properties of 
In.jOj are intermediate between those of CdO and 8nO a or Cd 2 3 and Sn^O*. That 
indium belongs to group III. has been confirmed by the determination of its specific heat, 
(0*057 according to Bunsen, and 0055 according to me) and also by the fact that indium 
forms alums like aluminium, and therefore belongs to the same group. 

The same kind of considerations necessitated taking the atomic weight of titanium 
as nearly 48, and not as 52, the figure derived from many analyses. And both these 
correctidns, made on the basis of the law, hare now been confirmed, for Thorpe found, by 
a series of careful experiments, the atomic Weight of titanium to be that foreseen by the 
periodic law. Notwithstanding that previous analyses gave Os -=199-7, Ir=»198, and 
Pt » 187, the periodic law shows, as I remarked in 1871, that the atomic weights should 
rise from osmium to platinum and gold, and not fall. Many recent researches, and 
especially those of Seubert, have fully verified this statement, based on the law. Thus a 
true law of nature anticipates facts, foretells magnitudes, gives a hold on nature, and 
leads to improvements in the methods of research, <kc 
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two neighbouring one* (for example, between K =s 39 and Ca sn 40, or 
Al = 27 and Si = 28, or C = 12 and N = 14, <fec.) As in a molecule 
•of a hydrogen compound there may be either one, aa in HF, or two, as 
in H 2 0, or three, aa in NH a , &c., atoms of hydrogen ; but as there cannot 
be molecules containing 2 J atoms of hydrogen to one atom of another 
element, so there cannot be any element intermediate between N and 
O, with an atomic weight greater than 14 or less than 16, or between 
K and Ca. Hence the periodic dependence of the elements cannot be 
expressed by any algebraical continuous function in the same way that 
it is possible, for instance, to express the variation of the temperature 
during the course of a day or year. 

8. The essence of the notions giving rise to the periodic law con- 
sists in a general physico -mechanical principle which recognises the 
correlation, transmutability, and equivalence of the forces of nature. 
Gravitation, attraction at small distances, and many other phenomena 
are in direct dependence on the mass of matter. It might therefore have 
been expected that chemical forces would also depend on mass. A de- 
pendence is in fact shown, the properties of elements and compounds 
being determined by the. masses of the atoms of which they are formed. 
The weight of a molecule, or its mass, determines, -as we have seen, 
(Chapter VII. and elsewhere) many of its properties independently of 
its composition. Thus carbonic oxide, CO, and nitrogen, N& are two 
gases having the same molecular weight, and many of their properties 
(density, liquefaction, specific heat, <fec.) are similar or nearly similar. 
The differences dependent on the nature of a substance play another 
part, and form magnitudes of another order. But the properties of 
atoms are mainly determined by their mass or weight, and are in 
dependence upon it Only in this case there is a peculiarity in the 
dependence of the properties on the mass, for this dependence is de- 
termined by a periodic law. As the mass increases the properties 
vary, at first successively and regularly, and then return to their 
original magnitude and recommence a fresh period of variation like 
the first. Nevertheless here as in other cases a small variation of the 
mass of the atom generally leads to a small variation of properties, and 
determines differences of a second order. The atomic weights of cobalt 
and nickel, of rhodium, ruthenium, and palladium, and of osmium, 
iridium, and platinum, are very close to each other, and their properties 
are also very much alike— the differences are not very perceptible. 
And if the properties of atoms are a function of their weight* 
many ideas which have more or less rooted themselves in chemistry 
must suffer change and be developed and worked out in the sense of 
this deduction. Although at first sight it appears that the chemical 
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elements are perfectly independent and individual, instead of this idea 
of the nature of the elements, the notion of the dependence of their pro* 
perties upon their mass must now be established ; that is to say, the sub* 
jection of the individuality of the elements to a common higher prin- 
ciple which evinces* itself in gravity and in all physico-chemical pheno- 
mena. Many chemical deductions then acquire a new sense and signi- 
ficance, and a regularity is observed where it would otherwise escape 
attention. This is more particularly apparent in the physical proper- 
ties, to the consideration of which <jwe shall afterwards turn, and we 
will now point out that Gustavson first (Chapter X., Note 28) and 
subsequently PotiHtzin (Chapter XI., Note 66) demonstrated the direct 
dependence of the reactive power on the atomic weight and that funda- 
mental property which is expressed in the forms of their compounds, 
whilst in a number of other cases the purely chemical relations of ele- 
ments proved to be in connection with their periodic properties. As 
a case in point, it may be mentioned that Carnelley remarked a depen- 
dence of the decomposability of the hydrates on the position of the 
elements in the periodic system ; whilst L. Meyer, Willgerodt, and. 
others established a connection between the atomic weight or the 
position of the elements in the periodic system and their property of 
serving as media in the transference of the halogens to the hydro- 
carbons.' 6 Bailey pointed out a periodicity in the stability (under the 
action of heat) of the oxides, namely : (a) in the even series (for 
instance, Cr0 3 , MoO„ WO„ and U0 3 ) the higher oxides of a given 
group decompose with greater ease the smaller the atoraio weight, 
while in the uneven series (for example, C0 2 , Ge0 2 , Sn0 2 , and Pb0 2 ) 
the contrary is the case ; and (6) the stability of the higher saline 
oxides in the even series (as in the fourth series from K s O to* 
Mn s 7 ) decreases in passing from the lower to the higher groups, 
while in the uneven series it increases from the 1st to the IVth group,, 
and then falls from the IVth to the Vllth ; for instance, in the series 

10 Meyer, Willgerodt, and others, guided by the fact that Gustavson and Friedel had 
remarked that raetalepsis rapidly proceeds in the presence of aluminium, investigated 
the action of nearly all the elements in this respect For example, they took benzene, 
added the metals to be experimented on to it, and passed chlorine through the liquid in 
diffused light When, for instance, sodium, potassium, barium, Ac. are taken, there is 
no action on the benzene ; that is, hydrochloric acid le not disengaged ; but if aluminium, 
gold, or, in general, any metal having this power of aiding chlorination (Halogen* 
Ubertrsger) is employed, then the action is clearly seen from the volumes of hydro* 
chloric acid evolved (especially if the metallic chloride formed is soluble in benzene). 
Thus, in group I., and in general among the even and light elements, there are none 
capable of serving as agents of metalepsis ; but aluminium, gallium, indium, antimony, 
tellurium, and Iodine, which are contiguous members in the periodic system, arc excellent 
transmitters (carriers) of the halogens. 
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AgiO, CdO, In 2 Oj, SnO,, and then SnO„ SbjO* TeOj, I,0 7 . 
K Winkler looked for and actually found (1890) a dependence between 
the reductibility of the metals by magnesium and their position in the 
periodic system of the elements. The greater the attention paid to 
this field the more often is a distinct connection found between the 
variation of purely chemical properties of analogous substances and 
the variation of the atomic weights of the constituent elements and 
their position in the periodic system. Besides, since the periodic 
system has become more firmly established, many facts have been 
gathered, showing that there are many similarities between Sn and 
Pb, B and Al, Cd and Hg, <tc., which had not been previously observed, 
although foreseen in some cases, and a consequence of the periodic law. 
Keeping our attention in the same direction, we see that the most 
widely distributed elements in nature, are. those with small atomio 
weights, whilst in organisms the lightest elements exclusively pre- 
dominate (hydrogen, carbon, nitrogen, oxygen), whose small mass facili- 
tates those transformations which are proper to organisms. Poluta 
(of Kharkoff), C. C. Botkin, Blake, Brenton, and others even discovered 
a correlation between the physiological action of salts and other re- 
agents on organisms and the positions occupied in the periodic system 
by the metals contained in them: 17 

As, from the necessity of the case, the physical properties must be 
in dependence on the composition of a substance, i.e. on the quality 
and quantity of the elements forming it, so for them also a depend- 
ence on the atomic weight of the component elements must be 
expected, and consequently also on their periodic distribution. We 
shall meet with repeated proofs of this in the further exposition of 
our treatise, and for the present will content ourselves with citing 
the discovery by Carnelley in 1879 of the dependence of the magnetic 
properties of the elements on the position occupied by them in the 
periodic system. Carnelley showed that all the elements of the even 

17 The periodic relations enumerated above appertain to the real elements, and not 
to the elements in the free state as we know them ; and it is very important to note 
this, because the periodic law refers to the real elements, inasmuch as the atomic weight 
is proper to the real element, and not to the ' free ' element, to which, as to a com* 
pound, a molecular weight is proper. Physical propertied are chiefly determined by the 
properties of molecules, and only indirectly depend on the properties of the atoms forming 
the molecules. For this reason the periods, which are clearly and quite distinctly 
expressed — for instance, in the forms of combination — become to some extent involved 
(complicated) in the physical properties of their members. Thus, for instance, besides 
the maxima and minima corresponding with the periods and groups, new molecule* 
appear ; thus, as regards the melting-point of germanium, a local maximum appears, 
which was, however, foreseen by the periodic law when the properties of germanium 
(ekasilicon) were forecast. 
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series (beginning with lithium, potassium, rubidium, csrsiura) belong 
to the number of magnetic (paramagnetic) substances ; for example, 
according to Faraday and others, 1 ™* C, N, 0, K, Ti, O, Mn, Fe, Co,, 
Ni, Ce, are magnetic ; and the elements of the uneven series are 
diamagnetic, H, Na, Si, P, S, CI, Cu, Zn, As, Se, Br, Ag, Cd, Sn. Sb, 
I, Au, Hg, Tl, PVBi. 

Carnelley also showed that the inelting -point of elements varies 
periodically, as is seen by the figures in Table III. (nineteenth column), 18 
where all the most trustworthy data are collected, and predominance 
is given to those having maximum and minimum values. 19 

a bi» The relation of certain elements (for instance, the analogue* of Pt) among 
diamagnetio and paramagnetic bodies' is sometimes doubtful (probably partly owing to 
the imperfect purity of the reagents under investigation). This subject has been studied 
in some detail by Bachmetien* in 1889. 

'• Tt is evident that many of the figures, especially those exceeding 1000°, have been 
determined with but little exactitude, and some, placed in Table III. with the sign (?), I 
have only given on the basis of rough and comparative determinations, calculated from 
the melting-points of silver and platinum, now established by many observers. In 
Table IIL, besides the large periods whose maxima correspond with carbon, silicon, 
titanium, ruthenium (?), and osmium (?), there are also small periods in the melting* 
points, and their maxima correspond with sulphur, arsenic, antimony. The minima 
correspond with the halogens and metals of the alkalis. A distinct periodicity is also 
seen in taking the coefficients of linear expansion (chiefly according to Fiseau); for 
instance, in the vertical series (according to the magnitude of the atomic weight), Fe, 
Co, Ni, Co, the linear expansion in millionths of an inch *12, 18, 17, and 29; for Rh, 
Pd, Ag, Cd, In, 8n, and 8b the coefficients are 8, 12, 19, 81, 46, 28, and 12, so that a 
maximum is reached at In. In the series Ir (7), Pt (5), Au (14), Hg (60), Tl (81), Pb (29), 
and Bi (14), the maximum is at Hg and the minimum at Pt. Raoul Pictet expressed 
this connection by the fact that he found the product o(f + 278) \fKTd to be .nearly 
constant for all elements in the free state, and nearly equal to 0*046, and being {he co- 
efficient of linear expansion, t + 278, the melting-point calculated from the absolute zero 
(—273°), and fojd, the mean distance between the atoms, if A is the atomic weight and 
d the sp. gr. of an element Although the above product is not strictly constant, never, 
theless Pictet's rule gives an idea of the bond between magnitudes which ought to have 
a certain connection with each other. De Heen, Nadeschdin, and others also studied 
this dependence, but their deductions do not give a general and exact law. 

*• Carnelley found a similar dependence in comparing the melting-points of the 
metallic chlorides, many of which he redetermined for this purpose. The melting-points 
(and boiling-points, in brackets) of the following chlorides are known, and a certain 
regularity is seen to exist in them, although the numbe*r(and degree of accuracy) of 
the data is insufficient for a generalisation :— • 

LiCl 698° 

NaCl 772° 

KC1 784° 

CuCl 484° 

(998°) 

AgCl451° 
#X1C1 427° 
1 713°) 

We wfll also enumerate the following data given by Carnelley, which ate interesting for 



BeCl, 600° 


BC1, -20° 


MgCl, 708° 


A1C1 S 187° 


CaCl, 719° 


ScClj? 


ZnCl 2 262° 


GaCl 3 76° 


(680*) 


(217°) 


CdCl a Ml 


InCl s ? 


Pba a 498° 


BiCls 227° > 


(908°) 
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There is no doubt that many other physical properties will, when 
farther studied, also prove to be in periodic dependence on the atomic 

comparison: HCI -112° (-102°); RbCl 710°, SrCl* 825°, CsCl 631°, BaCl 2 860°, 8bCl 3 
7jjo (228°), TeCl 2 209° (327°), IC1 27°, HgCl 2 276° (303°), FeCl s 306°, NbCl 5 194° (240°), 
TaClj 211° (242°), WC1 6 190° Tho melting-points of the bromides and iodides are 
higher or lower than those of the corresponding chlorides, according to the atomic 
weight of the element and number of atoms of the halogen, as is seen from the following 
examples:— 1 KC1 734°, KBr 699°, KI C34 J ; 2. AgCl 454°, AgBr 427°, Agl 527°; 
8. PbCl 2 498' (900°), PbBr a 499° (801°), PbL, 383° (906°); 4. SnCl 4 below -20° (114°), 
SnBr, 30° (201°), 6nl* 146° (295) {see Chapter II. Note 27, and Chapter XL Not© 
47 *•», &c) 

Laurie (1882) also observed a periodicity in the quantity of heat developed in the 
formation of the chlorides, bromides, and iodides (fig. 79), as is seen from the following 
figures, where the heat developed is expressed in thousands of calories, and referred to a 
molecule of chlorine, CI?, so that the heat of formation of KC1 is doubled, and that of 
SnCl 4 halved, Arc: Na 195 (Ag 59, Au 12), Mg 151 (Zn 97, Cd 93, Hg 63), Al 117, Si 79 
(Sn 64), K 211 (Li 187), Ca 170 (Sr 185, Ba 194), whence it is seen that the greatest 



Pro. 79.— Laurie's diagram for expressing the periodic variation of the heat of formation of the 
chlorides. The abscissae give the atomic weights from to 210, and the ordinate! the amounts of 
heat from to 220 thousand calories evolved in the combination with CI, (ijt. with 71 parts of 
chlorine). The apices of the curve correspond to Li, Ka, K, Rb, Ca, and the lower extremities to 
P. CL Br. and 1. 

amount of heat is evolved bj the metals of the alkalis, and that in each period it 
falls from them to the halogens, which evolve very little heat in combining together. 
Richardson, by comparing the heats of formation of the fluorides also came to the 
conclusion that they are in periodic dependence upon the atomic weights of the combined 
elements. 

In this respect it may not be superfluous to remark (1) that Thomson, whose results 
I have employed above, observed a correlation in the calorific equivalents of analogous 
elements, although he did not remark their periodic variation ; (2) that the uniformity 
of many thermochemical deductions must gain considerably by the application of the 
periodic law, which evidently repeats itself in calorimetric data , and if these data fre- 
quently lead to true forecast*, this is doe to the periodicity of the thermal as well as of 
many other properties, as Laurie remarked ; and (3) that the heat of formation of the 
oxides is also subject to a periodic dependence which differs from that of the heat of 
formation of the chlorides, in that the greatest quantity corresponds with the bivalent 
metals of the alkaline earths (magnesium, calcium, strontium, barium), and not with the 
univalent metals of the alkalis, as isjthe case with chlorine, bromine, and iodine. This 
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weights, 1 ' ** bat at present only * few are known with any complete* 
ness, and we will only refer to the one which is the most easily and 
frequently determined — namely, the specific gravity in a solid and 
liquid state, the more especially as its connection with the chemical 
properties and relations of substances is shown at every step. Thus, 
for instance, of all the metals those of the alkalis, and of all the non- 
metals the halogens, are the most energetio in their reactions, and they 
have the lowest specific gravity among the adjacent elements, as is seen 
In Table III., column 17 Such are sodium, potassium, rubidium, 
osasium among' the metals, and chlorine, bromine, and iodine among the 
non-metals ; and as such less energetio metals as iridium, platinum, 
and gold (and even charcoal or the diamond) have the highest specifio 
gravity among the elements near to them in atoinio weight ; therefore 
the degree of the condensation of matter evidently influences the 
course of the transformations proper to a substance, and furthermore 
this dependence on the atomio weight, although very complex, is of a 
clearly periodic character. In order to account for this to some extent, 
it may be imagined that the lightest elements are porous, and, like a 
sponge, are easily penetrated by other substances, whilst the heavier 
elements are more compressed, and give way with difficulty to the 
insertion of other elements. These relations are best understood when, 
instead of the specifio gravities referring to a unit of volume, 10 the 
atomic volumes of the elements — that is, the quotient A/d of the atomio 

circumstance it probably oonnected with the fact that chlorine, bromine, and iodine are 
univalent elements, and oxygen bivalent (compare, for instance, Chapter XI., Note 18, 
Chapter XXII., Note 40, Chapter XXVI., Note 98 >»•, &c.) 

Keyeer (1899), in investigating the spectra of the alkali metals and metals of the 
alkaline earths, earns to the conclusion that in this respect also there is a regularity of 
a periodio character in dependence upon the atomio weights. Probably a closer and 
systematic study of many of the properties of the elements and of complex and simple 
bodies formed by them will more and more frequently lead to similar conclusions, and to 
extending the range of application of the periodic law. 

it mi Probably, besides thermo-chemioel data (Note 10), the refractive index, cohesion, 
ductility, and similar properties of corresponding compounds or of the elements them* 
selves will be found to exhibit a dependence of the magnitude of the atomic weight upon 
the periodic law, 

*• Having occupied myself since the fifties (my dissertation for the degree of M.A. 
concerned the specifio volumes, and is printed in part in the Rusiian Mining Journal 
for 1868) with the problems concerning the relations between the specifio gravities and 
volumes, and the chemical compositions of substances, I am inclined to think that the 
direct investigation of specific gravities gives essentially the same results as the 
Investigation of specifio volumes, only that the latter are more graphic Table UL of 
the periodic properties of the elements clearly illustrates this. Thus, for those members 
whose volume is the greatest among the contiguous elements, the specifio gravity is least 
—that is, the periodic variation of both properties is equally evident. In passing, fbff 
instance, from silver to iodine we have a successive decrease of specific gravity and suo» 
cessive increase of specific volume. The periodio alternation of the rise and fall of the 
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weight A by the specific gravity d— are taken for comparison. As, 
according to the entire sense of the atomic theory, the actual matter 
of a substance does not fill up its whole cubical contents, but is sur- 
rounded by a medium (ethereal, as is generally imagined), like the stars 
and planets which travel in the space of the heavens and fill it, with 
greater or less intervals, so the quotient Ajd only expresses the mean 
volume corresponding to the sphere of the atoms, and therefore V Ajd 
is the mean distance between the centres of the atoms. For compounds 
whose molecules weigh M, the mean magnitude of the atomic volume id 
obtained by dividing the mean molecular volume M/d by the number 
of atoms n in the molecule. 91 The above relations may easily ba 
expressed from this point of view by comparing the atomic volumes. 
Those comparatively light elements which easily and frequently .enter 
into reaction have the greatest atomic volumes : sodium 23, potassium 
45, rubidium 57, caesium 71, and the halogens about 27 ; whilst with 
those elements which enter into reaction with difficulty, the mean atomic 
volume is small ; for carbon in the form of a diamond it is less than 
4, as charcoal about 6, for nickel and cobalt less than 7, for iridium 
and platinum about 9. The remaining elements having atomic weights 
and properties intermediate between those elements mentioned above 
have also intermediate atomic volumes. Therefore the specific gravities 
and specific volumes of solids and liquids stand in periodic dependence 
on the atomic weights, as is seen in Table III., where both A (the 
atomic weight) and d (the specific gravity), and Ajd (specific volumes 
of the atoms) are given (column 18). 

Thus we find that in the large periods beginning with lithium, 
sodium, potassium, rubidium, caesium, and ending with fluorine, chlorine, 
bromine, iodine, the extreme members (energetic elements) have a 
small density and large volume, whilst the intermediate substances 
gradually increase in density and decrease in volume — that is, as the 
atomic weight increases the density rises and falls, again rises and falls, 



specific gravity and specific volume of the free elements was communicated by me in 
August 1869 to the Moscow Meeting of Russian Naturalists. In the following year (1870) 
L. Meyer's paper appeared, which also dealt with the specific volume of the elements. 

i In my opinion the mean volume of the atoms of compounds deserves more atten- 
tion than has yet been paid to it I may point out, for instance, that for feebly energetic 
oxides the mean volume of the atom is generally nearly 7 ; for example, the oxides Si0 3 , 
8c,Os, TiO,, V a 5 , as well as ZnO, Qa^Oj, OeO,, ZrO* In^Oj, SnO* Sb^Os, Ac, whilst 
the mean volume of the atom of the alkali and acid oxides is greater than 7. Thus we 
find in the magnitudes of the mean volumes of the atom in oxides and salts both, a 
periodic variation and a connection with their energy of essentially the same character 
as occurs in +h» case of the free elements. 
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and so on. Furthermore, the energy decreases as the density rises, and 
the greatest density is proper to the atomically heaviest and least 
energetic elements ; for example, Os, Ir, Pt, Au, U 

In order to explain the relation between the volumes of the ele- 
ments and of their compounds, the densities (column S) and volumes 
(column M*/«) of some of the higher saline oxides arranged in the same 
order as in the case of the elements are given on p. 36. For con- 
venience of comparison the volumes of the oxides are all calculated 
per two atoma of an element combined with oxygen. For example, 
the density of Al,O 3 =40, weight Al 2 O 3 =l02, volume A1 2 3 = 25*5. 
Whence, knowing the volume of aluminium to be 11, it is at once seen 
that in the formation of aluminium oxide, 22 volumes of it give 25'5 
volumes of oxide. A distinct periodicity may also be observed with 
respect to the specific gravities and volumes of the higher saline oxides. 
Thus in each period, beginning with the alkali metals, the specific 
gravity of the oxides first rises, reaches a maximum, and then falls on 
passing to the acid oxides, and again becomes a minimum about the 
halogens. But it is especially important to call attention to the fact 
that the volume of the alkali oxides is less than that of the metal con- 
tained in them, which is also expressed in the last column, giving this 
difference for each atom of oxygen. 33 Thus 2 atoms of sodium, or 
46 volumes, give 24 volumes of Na 2 0, and about 37 volumes of 2NaH0 
— that is, the oxygen and hydrogen in distributing themselves in the 
medium of sodium have not only not increased the distance between 
its atoms, but have brought them nearer together, have drawn them 
together by the force of their great affinity, by reason, it may be 
presumed, of the small mutual attraction of the atoms of sodium. 
Such metals as aluminium and zinc, in combining with oxygen and 
forming oxides of feeble salt-forming capacity, hardly vary in volume, 
but the common metals and non-metals, and especially those forming 
acid oxides, always give an increased volume when oxidised — that is, 
the atoms are set further apart in order to make room for the oxygen. 
The oxygen in them does not compress the molecule as in the alkalis ; 
it is therefore comparatively easily disengaged. 

19 The volume of oxygen (judging by the Uble on p. 36) is evidently a variable quan- 
tity, forming a distinctly periodic function of the atomic weight and type of the oxide, and 
therefore the efforts which were formerly made to find the volume of the atom of oxygen 
in the volumes of its compound* may be considered to be futile. But since a distinct con* 
traction takes place in the formation of oxides, and the volnme of an oxide is frequently 
less than the volume in the free state of the element contained in it, it might be surmised 
that the volume of oxygen in a free state is about 15, and therefore the specific gravity 
6f solid oxygen in a free state would be about 0*9. 
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s 


M/a 


Volume of Oxygen 


H 2 . 


. 10 


18 


?- 


22 


Li 2 


. 20 


15 


— 


9 


Be 2 2 . 


. 306 


16 


+ 


2-6 


B 2 3 . . 


. 1-8 


39 


+ 


100 


C 2 4 . 


. 1-6 


55 


+ 


10-6 


N 2 5 . . 


. 1-64 


66 


? + 


4 


Na 2 . 


. 2-6 


24 


— 


22 


Mg 2 2 . . 


. 3-5 


23 


— 


4-5 


Al 2 3 . . 


. 4-0 


26 


+ 


1-3 


Si 2 4 . 


. 2-65 


45 


+ 


5-2 


P 2 O f . . 


. 2-39 


59 


+ 


6-2 


S a 6 . . 


. 1-96 


82 


+ 


87 


C1 2 T . . , 


. tl-92 


95 


+ 


6 


K 2 . 


. 2-7 


35 


_ 


35 


CajOj . 


. 3-25 


34 


— 


8 


8c 2 3 . 


. 3-86 


35 


1 





Ti 2 4 . . 


. 4-2 


38 


+ 


3 


V 2 5 . . 


. 3-49 


52 


+ 


6-7 


Cr 2 4 . 


. 2-74 


73 


+ 


9-5 


Cu a O . 


. 5-9 


24 


+ 


9-6 


Zn 2 2 . 


. 5-7 


23 


+ 


4-8 


Ga 2 3 . . 


. ?51 


36 


+ 


4 


Ge 2 4 . 


. 4-7 


44 


+ 


4-5 


Ah^O, . 


. 41 


56 


+ 


6-0 


Sr 2 2 . 


. 4-7 


44 


_ 


13 


Y 2 3 . . . 


. 50 


45 


t- 


2 


Zr 2 4 . 


. 5-5 


44 







Nb 2 5 . . 


. 4-7 


57 


+ 


6 


Mo0 6 . 


. 4-4 


65 


+ 


6-8 


Ag 2 . . . 


. 7-5 


3) 


+ 


11 


Cd 2 0, . 


. 80 


32 


+ 


3 


In 2 3 . 


. 7-18 


38 


+ 


2-7 


Sn 2 4 . 


. 70 


43 


+ 


2-7 


Sb 2 4 . 


. 6-5 


49 


+ 


2-6 


TeO s . . 


. 51 


68 


+ 


4-7 


B*,O s . . 


. 5-7 


52 


^ 


10 


La»0, . . 


. 6-5 


50 


+ 


1 


Ce 2 4 . 


. 6-74 


50 


+ 


2 


Ta,0, . . 


. 7-5 


59 


+ 


4-e 


w,o 6 . . 


. 6-8 


68 


+ 


8-2 


Hg,O s . . 


. Ill 


39 


+ 


4-5 


Pb 2 4 . . , 


. 8-9 


53 


+ 


42 


Th,0 4 . . , 


. 9-86 


54 


+ 


2 



> 
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As the volumes of tho chlorides, organo-nietallic and all other 
corresponding compounds, also vary in a like periodic succession with a 
change of elements, it is evidently possible to indicate the properties 
of substances yet uninvestigated by experimental means, and even those 
of yet undiscovered elements. It was possible by following this method 
to foretell, on the basis of the periodic law, many of the properties of 
scandium, gallium, and germanium, which were verified with great 
accuracy after these metals had been discovered. 23 The periodic law, 
therefore, has not only embraced the mutual relations of the elements 
and expressed their analogy, but has also to a certain extent subjected 
to law the doctrine of the types of the compounds formed by the 
elements : it has enabled us to see a regularity in the variation of 
all chemical and physical properties of elements and compounds, and 
has rendered it possible to foretell the properties of elements and 
compounds yet uninvestigated by experimental means ; thus it has 
prepared the ground for the building up of atomic and molecular 
mechanics. 24 

n As an example we will Uke indium oxide, In a Oj. Its sp. gr. and sp. vol. should be 
the mean of those of cadmium oxide, Cd 2 2 , and stannic oxide, Sn 2 4 , as indium stands 
between cadmium and tin. Thus in the seventies it was already evident that the volume 
of indium oxide should be about 38, and its sp. gr. about 7*2, which was confirmed by the 
determinations of Nil son and Pettersson (7179) made in 1880. 

u As the distance between, and the volumes of, the molecules and atoms of solids 
and liquids certainly enter into the data for the solution of the problems of molecular 
mechanics, which as yet have only been worked out to any extent for the gaseous state, 
the study of the specific gravity of solids, and especially of liquids, has long had an ex- 
tensive literature. With respect to solids, however, a great difficulty is met with, owing 
to the specific gravity varying not only with a change of isomeric state (for example, for 
silica in the form of quarts »= 2*65, and in tridymite = 2*2) but also directly under me- 
chanical pressure (for example, in a crystalline, cast, and forged metal), and even with 
the extent to which they are powdered, &c, which influences are imperceptible in liquids. 
Compare Chapter XIV., Note 55 «►»•. 

Without going into further details, we may add to what has been said above that the 
conception of specific volumes and atomic distances has formed the subject of a large 
number of researches, but as yet it is only possible to lay down a few generalisations given 
by Dumas, Kopp, and others, which are mentioned and amplified by me in my work cited 
in Note 20, and in my memoirs on this subject. 

1. Analogous compounds and their iaomorphe have frequently approximately the same 
molecular volumes. 

2. Other compounds, analogous in their properties, exhibit molecular volumes which 
increase with the molecular weight. 

3. When a contraction takes place in combination in a gaseous state, then contraction 
it in the majority of instances also to be observed in the solid or liquid state — that is, 
the sum of the volumes of the reacting substances is greater than the volume of the 
resultant substance or substances. 

4. In decomposition the reverse takes place to that which occurs in combination. 

6. In substitution (when the volumes in a state of vapour do not vary) a very small 
change of volume generally takes place— that is, the sum of the volumes of the reacting 
substances it almost equal to the sum of the' resultant substances. 
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i - 6. Hence It fa impossible to judge the volume of the component substances from the 

J- volume of a compound, although it is possible to do so from the product of substitution. 

i, 7. The emplacement of H^ by sodium, Na,, and by bariam, Ba, as well as the replace* 

k ment of 80 4 by Cl«, scarcely changes the volume, but the volume increases with the 

fc replacement of Na by K, and decreases with the replacement of H 2 by Li^, Co, and Big. 

6. There is no need for comparing volumes in a solid and liquid state at the so* 

P called corresponding temperatures — that is, at temperatures at which the vapour tension 

is equal in each case. The comparison of volumes at the ordinary temperature is sufii* 

J^ cient for finding a regularity in the relations of volumes (this deduction was developed 

with particular detail by me in 1856). 
9 9. Many investigators (Perseau, Schroder, Lb'wig, Playfair and Joule, Baudrimons, 

+i Einhardt) have sought in vain for a multiple proportion in the specific volumes of solids 

\j ana' liquids. 

10. The truth of the above is seen very clearly in comparing the volumes of polymerfo 
substances. The volumes of their molecules are equal in a state of vapour, but are very 
different in a solid and liquid state, as is seen from the close resemblance of the specific 
gravities of polymeric substances. But as a rule the more complex polymerides are 
^ > denser than the simpler. 

f* 11. We know that the hydroxides of light metals have generally a smaller volume* 

than the metals, whilst that of magnesium hydroxide is considerably greater, which is 
explained by the stability of the former and instability of the latter. In proof of this we 
may cite, besides the volumes of the true alkali metals, the volume of. barium (86) which 
is greater than that of its stable hydroxide (sp. gr. 46, sp. vol. 80). The volumes of the 
salts of magnesium and calcium are greater than the volume of the metal, wtyh the 
single exception of the fluoride .of calcium. With the heavy metals the volume of the 
compound is always greater than the volume of the metal, and, moreover, for such com- 
pounds as silver iodide, Agl (d = 5"7), and mercuric iodide, HgI 3 (d = 6-2, and the volumes 
of the compounds 41 and 78), the volume of the compound is greater than the sum of the 
volumes of the component elements. Thus the sum of the volumes Ag + 1 = 86, and the 
volume of Agl = 41. This stands out with particular clearness on comparing the volumes 
K + 1 ■» 71 with the volume of KI, which is equal to 54, because its density = 806* 

12. In such combinations, between solids and liquids, as solutions, alloys, isomorphous 
mixtures, and similar feeble chemical compounds, the sum of the reacting substances it 
always very nearly that of the resulting substance, but here the volume is either slightly 
larger or smaller than the original ; speaking generally, the amount of contraction 
depends on the force of aflinity acting between the combining substances. I may here 
observe that the present data respecting the specific volumes of solid and liquid bodies 
deserve a fresh and full elaboration to explain many contradictory statements which 
have accumulated on this subject. 
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CHAPTER XVI 

ZING, CADMIUM, AND MERCURY 

Thbsb three metals give, like magnesium, oxides RO, which form 
feebly energetic bases, and like magnesium they are volatile. The 
volatility increases with the atomic weight. Magnesium can be dis- 
tilled at a white heat, zinc at a temperature of about 930°, cadmium 
about 770°, and mercury about 351°. Their oxides, RO, are more 
easily reducible than magnesia, and mercuric oxide is the most easily 
reducible. The properties of their salts RX a are very similar to 
the properties of MgX 3 . Their solubility, power of forming double' 
and basic salts, and many other qualities are in many respects identical 
with those of MgX 2 . The greater or less ease with which they are' 
oxidised, the instability of their compounds, the density of the metals 
and their compounds, their scarcity in nature, and many other properties 
gradually change with the increase of atomic weight, as might be 
expected from the periodicity of the elements. Their principal charac- 
teristics, as contrasted with magnesium, find a general expression in the 
fact that zinc, cadmium, and mercury are heavy metals. 

Zinc stands nearest to magnesium in atomic weight and in pro- 
perties. Thus zinc sulphate, or white vitriol, easily crystallises with 
seven molecules of water, ZnS0 4 ,7H,0. It is isomorphous with Epsom : 
salts, and parts with difficulty with the last molecule of water ; it' 
forms double salts— for instance, ZnKj(S0 4 ) 2 ,6H a O— exactly as mag- 
nesium sulphate does. l Zinc oocide, ZnO, is a white powder, almost in- 

1 Zinc sulphate is often obtained at a by-product — for instance, in the action of 
galvanic batteries containing cine and sulphuric acid. When the anhydrous salt is heated 
it forms zinc oxide, sulphurous anhydride, and oxygen. The solubility in 100 parts of 
water at 0° » 48, 20° = 63, 40° - 68*, 60° = 74, 80° - 84*, 100° =96 parte of anhydrous tine 
sulphate — that is to say, it Is closely expressed by the formula 43 + 0'52t. 

An admixture of iron is often found in ordinary sulphate of sine in the form of ferrous 
sulphate, Fe80 4 , isomorphous with the zinc sulphate. In order to separate it, chlorine is 
passed through the solution of the impure salt (when the ferrous salt is converted into' 
ferric), the solution is then boiled, and zinc oxide is afterwards added, which, after some' 
time has elapsed, precipitates all the ferric oxide. Ferric oxide of the form B3O3 is dis- 
placed by sine oxide of the form RO. 
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soluble in water, 9 like magnesia, from which, however, it is distinguished 
by its solubility in solutions of sodium and potassium hydroxides. * 
Zinc chloride 4 is decomposed by water, combines with ammonium 

* Zinc oxide is obtained both by the combustion and oxidation of sine, and by the 
ignition of some of its salts— for instance, those of carbonic and nitric acids; it is likewise 
precipitated by alkalis from a solution of ZnXj in the form of a gelatinous hydroxide. 
The oxide produced by roasting zinc blende (by burning in the air, when the sulphur is 
converted into sulphurous anhydride) contains various impurities. For purification, the 
oxide is mixed with water, and the sulphurous anhydride formed by roasting the blende 
is passed through it Zinc bisulphite, ZnSOj.H^SOs, then passes into solution. If a 
solution of this salt be evaporated, and the residue ignited, sine oxide, free from many 
of its impurities, will remain. Zinc oxide is a light white powder, used as a paint instead 
of tchtte lead ; the basic salt, corresponding with magnesia alba, is used for the same 
purpose. V. Kouriloff (1890) by boiling the hydrate of the oxide with a 8 px. eolation of 
peroxide of hydrogen obtained Zn a H i 4 or the hydrate of the* peroxide (— ZnOfZnHaOs 
or a compound of 2ZnO with H 2 3 ), which did not part with its oxygen at 100°, but 
only above 130°. Cadmium gives a similar compound 6t a yellow colour. Magnesium, 
although it does form such a compound, does so with great difficulty. 

3 For the solution of one part of the oxide 55,400 parts of water are required. Never- 
theless, even in such a weak solution, sine oxide (hydroxide, ZnH a Oj) changes the colour 
of red litmus paper. Zinc oxide is obtained in the wet way by adding an alkali hydrox- 
ide to a solution of a sine salt—for instance : ZnSO< + 2HKO - K 2 S0 4 + ZnHjO,. The 
gelatinous precipitate of zinc hydroxide is soluble in an excess of alkali, which clearly 
distinguishes it from magnesia. This solubility of zinc hydroxide in alkalis is due to the 
power of sine oxide to form a compound, although an unstable one, with alkalis — that is 
to say, points to the fact that zinc oxide already partly belongs to the intermediate oxides. 
The oxides of the metals above mentioned (except BeO) do not show this property. The 
property which metallic zinc itself has of dissolving in caustic alkali with the disengage- 
ment of hydrogen (the solution is facilitated by contact with platinum or iron) depends, 
on the formation of such a compound of the oxides of zinc and the alkali metals. * The 
solution of zinc hydroxide, ZnHjO^ in potash (in a strong solution), proceeds when these 
hydrates are taken in proportion to ZnH 2 O a + KHO. If such a solution be evaporated to 
dryness, water extracts only caustic potash from the fused residue. When a eolati on of 
zinc hydroxide in strong alkali is mixed with a large mass of water, nearly all the oxide 
of zinc is precipitated ; and, therefore, in weak solutions, a large quantity of the alkali is 
required to effect solution, which points to the decomposition of the zinc-alkali compounds 
by water. If strong alcohol be added to a solution of zinc oxide in sodium hydroxide, 
the crystallo-hydrate, 2Zn(OH)(ONa) t 7H,0, separates. 

4 Zinc chloride, ZnCl a , is generally employed in the arts in the form of a solution ob- 
tained by dissolving zinc in hydrochloric acid. This solution is used for soldering m et al s, 
impregnating wood, &c The reason why it is thus employed may be understood from its 
properties. When evaporated it first parts with its water of crystallisation ; on being 
further heated, however, it loses all traces of water, and forms an oily mass of anhydrous 
salt which solidifies on cooling. This substance melts' at 250°, commences to vola- 
tilise at about 400 3 , and boils at 780°. The soldering of metals— that is, the intro- 
duction of an easily fusible metal between two contiguous metallic objects — is hindered 
by any film of oxide upon them ; and, as heated metals easily oxidise, they are naturally 
difficult to solder. Zinc chloride is used to prevent the oxidation. It fuses on being 
heated, and, covering the metal with an oily coating, prevents contact with the air; 
but even if any oxide has formed, the free hydrochloric acid generally existing in the 
sine chloride solution dissolves it, and in this way the metallic surface of the metals 
to be soldered is preserved fit for the adhesion of the liquid solder, which, on 
cooling, binds the .objects together. Much zinc chloride is used also for ste e ping 
wood (telegraph-posts and railway-sleepers) in order to preserve it from decaying 
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chloride, potassium chloride, <fcc, just like magnesium chloride, forms 
an oxychloride, and also combines with zino oxide. 4 bi * 

Zinc, like many heavy metals, is often found in nature in combina- 

quickly; this preservative action is in all probability mainly due to the poisonous 
character of tine salts (corrosive sublimate is still more poisonous, and a still better 
agent to preserve wood from decay), since decay is due to the action of lower 
organisms. 

The specific gravity of solutions containing p per cent, of zinc chloride, ZnCl a , is as 
follows: 

p- 10 SO 80 40 60 

15°/4°- 1093 1184 1298 1-411 1554 

dtjdt - -8 -5 -7 -8 -9 

The last line shows the change of speoific gravity for l°in ten-thousandth parts for tem- 
peratures near 15°. More accurate determinations of Cheltzoff, personally communicated 
by him, led him to conclude that solutions of zinc chloride follow the same laws as the 
solutions of sulphuric acid, which will be considered jn Chapter XX. : (1) from H^O to 
ZnCla,190H a O « = So + 92-85/> + 01748p»; (2) from thence to ZnCl 2 ,40H a O « = So+98'96p 
-0*0126p*; (8) thence to ZnCl a ,25H 2 Os-11481-5 + 96-45 (^-15 89) + 0-4567(/>-15-89)»; 
(4) thence to ZnCl 1 ,l0H,O««l22l2l + 104 82 (p- 2321) + 0*7992 (;>- 28'21)'; (5) thence 
to p-65 p.c. «- 14606-3 + 14096 (p- 43 05) +14905 (/>- 48 05),* where » is the Bpecifio 
gravity of the solution at 15°, containing p p.c. of ZnCl? by weight, taking water at 
4° -10000, and where So = 9991 6 (specifio gravity of water at 15°). The compound of 
bbc chloride with hydrochloric acid has been mentioned in Vol. I. Chapter X. 

Zinc chloride has a great affinity for water ; it is not only soluble in it, but in alcohol, 
and on being dissolved in water becomes considerably heated, like magnesium and 
faldum chlorides. Zinc chloride is capable of taking up water, not only in a free state, 
but also in chemical combination with many substances. Thus, for instance, it is 
used in organic researches for removing the elements of water from many of the organio 
compounds. 

* *» When mixed with sine oxide it forms, with remarkable ease, a very hard mass of 
line oxychloride, which is applied in the arts ; for instance, in painting, to resist the 
action of water, or for cementing such objects as are destined to remain in water. Zino 
oxychloride, ZnCla,8ZnO,2H a O( » Zn t OCl3,2ZnHs0 3 ), is also formed from a solution of 
sine chloride by the action of a small quantity of ammonia on it after heating the pre- 
cipitate obtained with the liquid for a considerable time ; the admixture of ammonium 
salts with a mixture of a strong solution of zino chloride with its oxide makes a similar 
mass, which does not solidify so rapidly, and is therefore more useful for some purposes. 
Moisture and cold do not change the hardened mass of oxychloride, and it also resists 
the action of many acids, and a temperature of 800°, which makes it a useful cement for 
many purposes. A solution of magnesium chloride with magnesium oxide forms a 
similar oxychloride. The mass solidifies best when there are equal quantities by weight 
of zino in the chloride and oxide, and therefore when it has the composition Zn a OClf 
In preparing such a cement, naturally zinc oxide alone may be taken, and the requisite 
quantity of hydrochloric acid added to it The capacity of ZnCla to combine with water, 
ZnO, and BC1 (and also with other metallic chlorides) indicates its property to combine 
with molecules of other substances, and therefore its compounds with NH S , and especially 
a compound, ZnCl 9 9NUt, similar to sal-ammoniac, might be expected (is. 2NU4CI, in 
which Hf is replaced by Zn). And indeed it has long been known that ZnCl a absorbs 
ammonia and gives solid substances capable of dissociating with the disengagement of 
NH S . Among these compounds Isambert and V. Kouriloff (1894) obtained ZmCl^NHai 
ZnCljlNH* ZnCl,2NH», and ZnCl a NH 3 . The dissociation tension of the two last- 
mentioned compounds at 218° is equal to 43 6 mm. and 0*7 mm. CdCl a also forms 
similar compounds with NH* (Kouriloff, 1894). 
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tian witfi sulpJiur, forming the so-called zinc blende, s ZnS. It sometimes 
occurs in large masses, often crystallised in cubes ; it is frequently 
translucent, and has a metallic lustre, although this is not so clearly 
developed as in many other metallic sulphides with which we shall here- 
after become acquainted. The ores of zinc also comprise the carbonate, 
calamine, and silicate, siliceous calamine. 

Metallic zinc (spelter) is most frequently obtained from the ores 
containing the carbonate c — that is, from calamine, which is sometimes 
found in thick veins : for instance, in 
Poland, Galicia, in some places on the 
banks of the Rhine, and in considerable 
masses in Belgium and England. In 
Russia beds of zinc ore are met with in 
Poland and the Caucasus, but the output 
is small In Sweden, as early as the 
fifteenth century, calamine was worked 
up into an alloy of zinc and copper (brass), 
and Paracelsus produced zinc from cala- 
mine ; but the technical production of the 
metal itself, long ago practised in China, 
only commenced in Europe in 1807 — in 
Belgium, when the Abbe* Donnet discovered, 
that zinc was volatile. From that time 
the production i~:reased until it is now about 150 million kilograms in 
Germany alone. 

The reduction of metallic zinc from its ores is based on the fact that 
zinc oxide 7 is easily reduced by charcoal at a red heat : ZnO + C 

* This mineral fate been given the name of ' mock-ore/ on account of its having the 
appearan c e (considerable density, 4-06, Ac) of ordinary metallic ores ; it deceived the 
first miners, because it did not, like other ores, give metal when simply roasted in air and 
fused with charcoal. The white zinc oxide, formed by burning the vapours of sine, was 
also called * nihil album,' or • white nothing,' on account of its lightness. 

• It may be here mentioned that by the word ore is meant a hard, heavy substance 
dug out of the earth, which is used in metallurgical works for obtaining the usual heavy 
mo ta la long known and used. The natural compounds of sodium, or magnesium, are 
not called ores, because magnesium and sodium have not been long obtainable in quan- 
tity. The heavy metals, those which are eatfBy reduced and do not easily oxidise, are 
exclusively those which are directly applied in manufactures. Ores either contain the metals 
them s e l ves (for instance, ores of silver or bismuth), and the metals are then said to be in a 
native state, or else their sulphur compounds (blende, mock-ore, pyrites— as, for example, 
galena, PbS , tine blende, ZnS ; copper pyrites, CuFeS) or oxides (as the ores of iron), or 
•alts (calamine, for instance). Zinc is incomparably rarer than magnesium, and is only 
well known because it is transformed from its ores into a metal which finds direct use iO 
many branches of industry. 

7 Ores, when extracted from the earth by the miners, are often enriched by sorting 
washing, and other mechanical operations. The sulphurous ores (and likewise oshed) 



Fio. SO.— DistniaUon of zinc in a 
crucible placed in a furnace. © e, 
tube along which toe vapour 
pastes and coodeiues. 
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= Zn + CO. The sine thus obtained is in a finely divided state and 
impure, being mixed with other metals reduced with it, but the greater 
portion is converted into vapour, from which it easily passes into a 
liquid or solid state. The reduction and distillation are carried on in 
earthenware retorts, filled with a mixture of the divided ore and 
charcoal The vapours of sine and gases formed during the reaction 
escape by means of a pipe leading downwards, and are led to a chamber 
where the vapours are cooled. By this means they do not come into 
contact with the air, because the neck of the retort is filled with 
gaseous carbonic oxide, and therefore the zinc does Dot oxidise ; other- 
wise its vapour would burn in the air. 7 bU The vapours of zinc, enter- 
ing into the cooling chamber, condense into white zinc powder or zinc 
dust When the neck of the retort is heated the zino is obtained in 
a liquid state, and is cast into plates, in which form it is generally 
sold. 

Commercial zinc is generally impure, containing a mixture of lead, 
particles of carbon, iron, and other metals carried over with the vapours, 
although they are not volatile at a temperature approaching 1000°. If 
it be required to obtain pure zinc from the commercial artiele, it is sub- 
jected to a further distillation in a crucible with a pipe passing through 
the bottom, the vapours formed by the heated zinc only having exit 
through the pipe cemented into the bottom of the crucible. Passing 
through this pipe, the vapours condense to a liquid, which is collected 
in a receiver. Zinc thus purified is generally re- melted and cast into 
rods, and in this form is often used for physical and chemical researches 
where a pure article is required. 8 

are then generally roasted Roasting an ore means beating it to redness in air. The 
sulphur then burns, and passes off in the form of sulphurous anhydride, SO,, and the 
metal oxidises. The roasting is carried on in order to obtain an oxide instead of t 
sulphur compound, the oxide being reducible by charcoal. These methods, introduced 
ages ago, are met with in nearly all metallurgical works for practically all ores. For 
this reason the preparatory treatment of sine blende furnishes zinc oxide this is already 
eon tamed in calamine. 

' **» With very impure ores, especially such as contain lead (PbS often accompanies 
sine), the vapour of the reduced sine is allowed to pass directly into the air It burns 
and gives ZnO, which is used as a pigment 

• This tine, although homogeneous, still contains certain impurities, to remove which 
it is necessary to prepare some salt of sine in a pure state and transform it into carbonatei 
which latter is then distilled with charcoal , and, as thin sheets of sine can only be obtained 
from very pure metal, they are frequently made use of in cases where pure sine is required. 
In order to remove the arsenic from sine, it was proposed to melt it and mix it with 
anhydrous magnesium chloride, by which means vapours of xino chloride and arsenic 
chloride are formed. Perfectly pure tine is made (V Meyer and others) by decomposing, 
by means of the galvanic current, a solution of tine sulphate to which an esceas of 
smmonia has been added. The sine used for Marsh's arsenic test (Chapter XIX.) is 
purified from As by fusing it with KNOj and then with ZnCl* 

♦3 
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Metallic zinc has a bluish -white colour ; its lustre, compared with 
many other metals, is insignificant When cast it exhibits a crystalline 
structure. Its specific gravity is about 7 — that is, varies from 6*8 
to 7 % according to the degree of compression (by forging, rolling, Ac) 
to which it has been subjected. It is very ductile, considering its 
hardness. For this reason it chokes up files when being worked. Its 
malleability is considerable when pure, but in the ordinary impure con- 
dition in which it is sold, it is impossible to roll it at the ordinary 
temperature, as it easily breaks. At a temperature of 100°, however, 
it easily undergoes such operations, and can then be drawn into wire 
or rolled into sheets. If heated further it again becomes brittle, and 
at 200° may be even crushed into powder, so completely does it lose 
its molecular cohesion. It melts at 418°, and distils at 930° 

Zinc does not undergo any change in the atmosphere. Even in 
very damp air it only becomes slowly coated with a very thin white 
coating of oxide. For this reason it is available for all objects which 
are only in contact with air. Therefore sheet zinc may be used for 
roofing and many other purposes. 9 This great unchangeability of zinc 
in the air shows its slight energy with regard to oxygen compared 
with the metals already mentioned, which are capable of reducing zinc 
from solutions. But zinc, plays this part with regard to the remaining 
metals — for example, it reduces salts of lead, copper, mercury, <fcc. 
Although zinc is an almost unoxidisable metal at the ordinary 
temperature, it burns in the air on being heated, particularly when 
in the form of shavings or in the condition of vapour. At the 
ordinary temperature zinc does not decompose water — at any rate, if 
the metal be in a dense mass. But even at a temperature of 100° zino 
begins little by little to decompose water; it easily displaces the 
hydrogen of acids at the ordinary temperature, and of alkalis on 
being heated. 

In this respect the action of zinc varies a great deal with the 
degree of its purity. Weak sulphuric acid (corresponding with the 
composition H 2 S0 4 ,8H 2 0) at the ordinary temperature does not act at 
all on chemically pure zinc, and even a stronger solution acts very 
slowly. If the temperature be raised, and particularly if the zinc be 
previously slightly heated, so as to cover the surface with a film of 
oxide, chemically pure zinc acts on sulphuric acid. Thus, for example, 
one cubic centimetre of zinc in sulphuric acid having a composition 

9 Cornices and other architectural ornaments, remarkable for their lightness and 
beauty, are stamped out of sheet sine. Zinc-roofing does not require painting, but it 
melts during a conflagration, and even burns at a strong heat Many iron vessels, Ac, 
are covered with sine (' galvanised ') in order to prevent them from rusting. 
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H s S0 4 ,6H s O at the ordinary temperature in two hours only dissolves 
to the extent of 0*018 gram, and at a temperature of 100° about 
35 grams. If we compare this slow action with that rapid evolution 
of hydrogen which occurs in the case of commercial zinc, we see that 
the influence of those impurities in the zinc is very great. Every 
particle of charcoal or iron introduced into the mass of the zinc, and 
likewise the connection of the zinc with a piece of another electro- 
negative metal, assists such a dissolution. The slowness of the action 
of sulphuric acid on pure zinc (and likewise on amalgamated zinc) may 
also be explained by the fact that a layer of hydrogen 10 collects on 
the surface of the metal, preventing contact between the acid and the 
metal. 10 »«• 

The action of zinc on acids, and the consequent formation of zinc 

19 Veeren (1891) proved this by simple experiments, finding that in vacuo the eolation 
proceeds far more rapidly for both pure and commercial zinc, and still more rapidly in 
the presence of oxidising agents (which absorb the hydrogen) like CrO s and H 3 0?. 

10 bb The addition of cupric sulphate, or, better still, a few drops of platinic chloride 
(the metals become reduced), to the sulphuric acid greatly accelerates the evolution of the 
hydrogen, because in this case, aa with commercial sine, galvanic couplet are formed 
locally by the copper or platinum and the zinc, under the influence of which- the zinc 
rapidly dissolves. The action of acids on metallic zinc of various degrees of purity has 
been the subject of many investigations, particularly important with reference to the 
application of zinc in galvanic batteries, whilst some investigations have direct signifi- 
cance for chemical mechanics, although from many points of view the matter is not 
clear. I consider it useful to mention certain of these investigations. 

Calvert and Johnson made the following series of observations on the action of sul- 
phuric acid of various degrees of concentration on 2 grams of pure zinc during two hours. 
In the cold the concentrated acid, H 3 SO<, does not act, H a S0 4 ,2H a O dissolves about 
0*009 gram, but principally forms hydrogen sulphide, which is obtained also when the 
dilution reaches H 3 S0 4 ,7H 3 0, when 035 gram of zinc is dissolved. When largely 
diluted with water, pure hydrogen begins to be disengaged. HsSO^aH^O at 180° gives 
a mixture of hydrogen sulphide and sulphurous anhydride dissolving 0*156 gram of zinc. 

Bouchardat showed that if in a vessel made of glass or sulphur dilute sulphuric acid 
acting on a piece of zinc liberates one part of hydrogen, then the same acid with the same 
piece of zinc in the same time will liberate 4 parts of hydrogen if the vessel be made of 
tin— that is, zinc forms a galvanic couple with tin ; in a leaden vessel 9 parts of hydrogen 
are set free, with a vessel of antimony or bismuth 13 parts, silver or platinum 88 parts, 
copper 50 parts, iron 43 ports. If a salt of platinum be added to the dilute sulphuric 
acid (1 part of acid and 12 parts of water), Mi lion determined that the rapidity of the 
action on the zinc is increased 149 times, and by the addition of copper sulphate is ren- 
dered 45 times greater than the action of pure sulphuric acid. The salts which are 
added are reduced to metals by the zinc, their contact serving to promote the reaction 
because they form local galvanic currents. 

According to the observations of Cailletet, if, at the ordinary pressure, sulphuric acid 
with zinc liberates 100 parts of hydrogen, then with a pressure of 60 atmospheres 
47 parts will be liberated and 1 part at a pressure of 120 atmospheres. With a reduced 
pre — ore under the receiver of an air-pump 168 parts are liberated. Helmholtz showed 
that a reduced pressure also exercises its influence on galvanic elements. 

Debray, Lbwel, and others showed that zino liberates hydrogen and forma baaio salts 
and zinc oxide with solutions of many salts— for instance, MCI*, aluminium sulphate, and 
alum. 8odium and potassium carbonates scarcely act, because they form carbonate* 
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salts, interferes with its application in many cases, particularly for the 
preservation of liquids either containing or capable of developing 
acid For this reason zinc vessels ought not to be used for the prepa- 
ration or preservation of food, as this often contains acids which form 

The salts of ammonia act more strongly than the salts of potassium and sodium ; the 
tine remains bright It is evident that this action is founded on the formation of 
double salts and basic salts. 

The variation with concentration in the rate of the action of sulphuric acid on zino 
(containing impurities) under otherwise uniform conditions is in evident connection with 
the electrical conductivity of the solution and its viscosity, although, when largely 
diluted, the action is almost proportional to the amount of acid in a known volume of 
the solution. Forging, casting the molten metal, and similar mechanical influences 
change the density and hardness of sine, and also strongly influence its power of liberating 
hydrogen from acids. Kayander showed (1881) that when magnesium is submitted to 
the action of acids : (a) the action depends, not on the nature of the acid, but on its 
basicity ; (b) the increase of the action is more rapid than the growth of the concentration ; 
and (c) there is a decrease of action with the increase of the coefficient of internal 
friction and electrical conductivity. 

Spring and Aubel (1887) measured the volume of hydrogen disengaged by an alloy 
of zinc and a small quantity of lead (06 p.c), because the action of acids is then uni- 
form. In order to deal with a known surface, spheres were taken (96 millimetres 
diameter) and cylinders (17 mm. dia.), the sides of which were covered with wax in order 
to limit the action to the end surfaces. During the commencement of the action of a 
definite quantity of acid the rapidity increases, attains a maximum, and then declines as 
the acid becomes exhausted. The results for 5, 10, and 16 per cent of hydrochloric acid 
are given below. H denotes the number of cubio centimetres of hydrogen, D the time 
in seconds elapsing after the sine spheres have been plunged into the acid. At 16° were 
obtained : 
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In consequence of the complex character of the phenomenon, the authors themselves 
do not consider their determinations as being conclusive, and only give them a relative 
significance ; and in this connection it is remarkable that hydrobromic acid under similar 
conditions (with an equivalent strength) gives a greater (from 2 to 5 times) rapidity of 
action than hydrochloric acid, but sulphuric acid a far smaller velocity (nearly 25 times 
smaller). It is also remarkable that during the reaction the metal becomes much more 
heated than the acid. 

It may be mentioned that zinc dust and zinc itself, when heated with hydrated lime 
and similar hydrates, disengages hydrogeo - this method has even been proposed for 
obtaining hydrogen for filling war balloons. / 



Digitized by 



Google 



ZINC, CADMIUM, AND MEECUKY 47 

poisonous salts, with the sine Even ordinary water, containing car- 
borne acid, slowly attacks zinc 

Finely divided zinc, or zinc dusty obtained in the distillation of 
the metal when the receiver is not heated up to the melting point, on 
account of its presenting a large surface of contact and containing 
foreign matter (particularly zinc oxide), has in the highest degree the 
property of decomposing acids, and even water, which it easily de- 
composes, particularly if slightly heated. On this account zino dust is 
often used in laboratories and factories as a reducing agent. A similar 
influence of the finely divided state is also noticed in other metals — 
for instance, copper and silver — which again shows the close con- 
nection between chemical and physico-roechanical phenomena. We 
must first of all turn to this close connection for an explanation 
of the widely spread application of zinc in galvanic batteries, where 
the chemical (latent, potential) energy of the acting substances is trans- 
formed into (evident, kinetic) galvanic energy, and through this latter 
into heat, light, or mechanical work. 

Hermann and Stromeyer, in 1819, showed that caefmium is almost 
always found with zinc, and in many respects , resembles it. When 
distilled the cadmium volatilises sooner, because it has a lower boiling 
point. Sometimes the zinc dust obtained by the first distillation of 
zinc contains as much as 5 per cent, of cadmium. When zinc blende, 
containing cadmium, is roasted, the zinc passes into the state of 
oxide, and the cadmium sulphide in the .ore oxidises into cadmium 
sulphate, CdS0 4 , which resists tolerably well the action of heat ; there- 
fore if roasted zinc blende be washed with water, a solution of 
cadmium sulphate will be obtained, from which it is very easy to 
prepare metallic cadmium. Hydrogen sulphide may be used for 
separating cadmium from its solutions ; it gives a yellow precipitate 
Of cadmium sulphide, CdS (according to the equation CdS0 4 + H 2 S 
tsH 3 S0 4 + CdS), n which, on account of its characteristic colour, is 
used as a pigment 11 bi * Cadmium sulphide, when strongly heated in 
air, leaves cadmium oxide, from which the metal may be obtained in 
precisely the same way as in the case of zinc. 

11 It may be here remarked that sulphate of sine (especially in the pretence of mineral 
acids) does not give a precipitate of sulphide of tine, or it only slightly precipitated by 
sulphuretted hydrogen. 

it bi. Sulphide of cadmium appears in two varieties of a similar chemical but different 
physical character : one is of a lemon colour, and the other bright red. Kloboukoff 
(1890) studied the physical properties of these varieties more closely. The sp. gr. of the 
former is 8*906, and of the latter 4*618. They belong to different crystallographio 
systems. The first variety may be converted into the second by friction or pressure, but 
11m second cannot be converted into the first variety by these means. 
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Cadmium is a white metal, and when freshly cut is almost as white 
and lustrous as tin. Tt is so soft that it may be easily cut with a knife, 
and so malleable that it can be easily drawn into wire, rolled into 
sheets, &c. Its specific gravity is 8*67, melting point 320°, boiling 
point 770° ; its vapours burn, forming a brown powder of the oxide. 12 
Next to mercury it is the most* volatile metal ; hence Deville deter- 
mined the density of its vapours compared with hydrogen, and found 
it to be equal to 57*1 , therefore the molecule contains one atom whose 
weight = 112 V Meyer found the like for zinc ; the molecule of 
mercury also contains one atom. 

Mercury resembles zinc and cadmium in many respects, but presents, 
that distinction from them which is always noticed in all the heaviest 
metals (with regard to atomic weight and density) compared with the 
lighter ones — namely, that it oxidises with more difficulty, and its 
compounds are more easily decomposed. 11 bis Besides compounds of the 

l * Amongst the compounds of cadmium very closely allied to the compounds of zinc, 
we must mention cadmium iodide, Cdl?, which is used in medicine and photography. 
This salt crystallises very well : it is prepared by the direct action of iodine, mixed with 
water, on metallic cadmium. One part of cadmium iodide at 20° requires for its solution 
108 part of water. It may be remarked that cadmium chloride at the same temperature 
requires 071 part of water to dissolve it, so that the iodine compound of this metal is 
less soluble than the chloride, whilst the reverse relation holds in the case of the corre- 
sponding compounds of the alkali or alkaline .earthy metals. Cadmium sulphate crystal* 
Uses well, and has the composition 3CdS0 4) 8H 2 0, thus differing from zinc sulphate. 

Cadmium oxide is soluble, although sparingly, in alkalis, but in the presence of 
tartaric and certain other acids the alkaline solution of cadmium oxide does not change 
when boiled, whilst a diluted solution in that case deposits cadmium oxide : this may 
also serve for separating zinc compounds from those of cadmium. Cadmium is precipi- 
tated from its salts by zinc, which fact may also be taken advantage of for separating 
cadmium ; for this reason, in an alloy of zinc and cadmium, acids first of all extract the 
zinc Cadmium is in all respects less energetic than zinc. Thus, for instance, it decom- 
poses water with difficulty, and this only when strongly heated. It even acts but slowly 
on acids, but then displaces hydrogen from them. It is necessary here to call attention 
to the fact that for alkali and alkaline earthy metals (of the even series) the highest 
atomic weight determines the greatest energy ; but cadmium (of the uneven series), 
whilst having a larger atomic weight than zinc, is less energetic. The salts of cadmium 
are colourless, like those of zinc. De Schulten obtained a crystalline oxychloride,. 
Cd(OH)Cl by heating marble with a solution of cadmium chloride in a sealed tube 
at 200° 

t9 bit According to its atomic weight, mercury follows gold in the periodic system, 
just as cadmium follows silver and zinc follows copper :— 



Ni= 69 


Cu= 63 


Zn= 65 


Pd = 106 


Ag=108 


Cd = 112 


Pt = 196 


Au=198 


Hg=200 



Eventually we shall see the near relation of platinum, palladium, and nickel, and also of 
gold, silver, and copper, but we will now point out the parallelism between these three 
groups. The relation between the physical and also chemical properties is here strikingly 
similar. Nickel, palladium, and platinum are very difficult to fuse (far more so than iron* 
ruthenium, and osmium, which stand before them). Copper, silver, and gold melt far more 
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usual type RX 2 , it also gives those of the lower type, RX, which are 
unknown for zinc and cadmium. 19 Mercury therefore gives salts of 
the composition HgX (mercurous salts) and HgX 3 (mercuric salts), the 
oxides having the formulae Hg 3 and HgO respectively 

Mercury is found in nature almost exclusively in combination with 
sulphur (like zinc and cadmium, but is still rarer than them) in the 
form known as cinnabar, HgS (Chapter XX., Note 29) It is far more 
rarely met with in the native or metallic condition, and this in all 
probability has been derived from cinnabar Mercury ore is found only 
in a few places — namely, in Spain (in Almaden), in Tdria, Japan, Peru, 
and California. About the year 1880 Minenkoff discovered a rich bed 
of cinnabar in the Bahinout district (near the station of Nikitovka), 
in the Government of Ekaterinoslav, so that now Russia even ex- 
ports mercury to other countries. Cinnabar is now being worked 
in Daghestan in the Caucasus. Mercury ores are easily reduced to 
metallic mercury, because the combination between the metal and the 
sulphur is one of but little stability. Oxygen, iron, lime, and many 
other substances, when heated, easily destroy the combination. If iron 
is heated with cinnabar, iron sulphide is formed ; if cinnabar is heated 
with lime, mercury and calcium sulphide and sulphate are formed, 
4HgS + 4CaO=4Hg + 3CaS + CaS0 4 On being heated in the air, or 
roasted, the sulphur burns, oxidises, forming sulphurous anhydride, 
and vapours of metallic mercury are formed Mercury is more easily 
distilled than all other metals, its boiling point being about 351°, and 
therefore its separation from natural admixtures, decomposed by one of 
the above-mentioned methods, is e flee ted at the expense of a com- 
paratively small amount of heat. The mixture of mercury vapour, 
air, and products of combustion obtained is cooled in tubes (by water 
or air), and the mercury condenses as liquid metal. 14 



easily in a strong heat than the three preceding metals, and zinc, cadmium, and mercury 
melt still more easily Nickel, palladium, and platinum are very slightly volatile; 
copper, silver, and gold are more volatile ; and zinc, cadmium, and mercury are among 
the most volatile metals Zinc oxidises more easily than copper, and is reduced with 
more difficulty, and the same is true for mercury as compared with gold. These pro- 
perties for cadmium and silver are intermediate in the respective groups. Relations of 
this kind clearly show the nature of the periodic law. 

15 Thus thallium, lead, and bismuth, following mercury according to their atomio 
weights, form, besides compounds of the highest types, T1X 5 , PbX 4 , and BiX 3 , also the 
lower ones T1X, PbX ? , and BiX, v 

u During the condensation of the vapours of mercury in works, a part forms a black 
mass of finely-divided particles, which gives metallic mercury when worked up in centri- 
fugal machines, or on pressure, or on re-distillation In mercury we observe a ten* 
dency to easily split up into the finest drops, which are difficult to unite into a dense 
It is sufficient to shake up mercury with nitric and sulphuric acids in order to 
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Mercury, as everybody knows, is a liquid metal at the ordinary 
temperature. In its lustre and whiteness it resembles silver. 15 At 
r 39° mercury is transformed into a malleable crystalline metal ; at 0° 
its specific gravity is 13*596, and in the solid state at — 40° it ia 
14-39. 16 Mercury does not change in the air— that is to say, it does 
not- oxidise at the ordinary temperature — but at a temperature 
approaching the boiling-point, as was stated in the Introduction, it 
oxidises, forming mercuric oxide. Both metallic mercury and its 
compounds in general produce salivation, trembling of the hands, 
and other unhealthy symptoms which are found in the workmen 
exposed to the influence of mercurial vapours or the dust of its com* 
pounds. 

As many of the compounds of mercury decompose on being heated 
— for instance, the oxide or carbonate l7 — and as zinc, cadmium, copper, 
iron, and other metals separate mercury from its salts, lB it is evident 

produce such a mercury powder, The mercury separated (for instance, reduced by sub* 
stances like sulphurous anhydride) from solutions, forms such a powder. According to 
the experiments of Nernst, this disintegrated mercury when entering into reactions 
develops more heat than the dense liquid metal — that is to say, the work of disintegra- 
tion reappears i i the form of heat. This example is instructive in considering thenno* 
chemical deductions. 

15 Mercury may sometimes be obtained in a perfectly pure state from works (in iron 
bottles holding about 85 kilos), but after being used in laboratories (for baths, calibration, 
Ac) it contains impurities. It may be purified mechanically in the following way : a 
paper filter with a fine hole (pricked with a needle) is placed in a glass funnel and mer- 
cury is poured into it, which slowly trickles through the hole, leaving the impurities upon 
the filter. Sometimes it is squeezed through chamois leather or through a block of wood 
(as in the well-known experiment with the air-pump). It may be purified from many 
metals by contact with dilute nitric acid, if small drops of mercury are allowed to pass 
through a long column of it (from the fine end of a funnel) ; or by shaking it up with 
sulphuric acid in air. Mercury may be purified by the action of an electric current, if it 
be covered with a solution of HgN0 3 . But the complete purification of mercury for 
barometers and thermometers can only be attained by distillation, best in a vacuum 
(the vapour-tension of mercury is given in Chapter II., Note 27). For this purpose 
Weinhold's apparatus is most often used. The principle of this apparatus is very 
ingenious, the distillation being effected in a Torricellian vacuum continuously supplied 
with fresh mercury, whilst the condensed mercury is continuously removed. This 
process of distillation requires very little attention, and gives about one kilo of pure 
mercury per hour. 

16 If the volume of liquid mercury at 0° be taken as 1000000, then, according to the 
determinations of Regnault (re-calculated by me in 1875), at t it will be 1000000+180*1* 

+ 002<». 

17 All salts of mercury, when mixed with sodium carbonate and heated, give mercurous 
or mercuric carbonates ; these decompose on being heated, forming carbonic anhydride, 
oxygen, and vapours of mercury. 

i* Spring (1888) showed that solid dry HgCl is gradually decomposed in contact with 
metallic copper. According to the determinations of Thomsen, the formation of a gram 
of mercurial compounds from their elements develops the following amounts of heat (in 
thousands of units): Hg 2 + 0, 42; Hg + O, 81; Hg + 8, 17; Hg + Cl, 41; Hg + Br, 84; 
Hg + I, 24; Hg+CU, 68; Hg + Br„ 61; Hg+I*84; Hg + C,N„ 19. These numbers 
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that mercury has less chemical energy than the metals already 
described, even than zinc and cadmium. Nitric acid, when acting on 
an excess of mercury at the ordinary temperature, gives mercurous 
nitrate, HgN0 3 . 19 The same acid, under the influence of heat and 
when in excess (nitrio oxide being liberated), forms mercuric 
nitrate, Hg(N0 3 ) 9 . This, 90 both in its composition and properties, 
resembles the salts of zinc and cadmium. Dilute sulphuric acid 
does not act on mercury, but strong sulphuric acid dissolves it, with 
evolution of sulphurous anhydride (not hydrogen), and on being slightly 
heated with an excess of mercury it forms the sparingly soluble mer- 
curous sulphate, Hg,S0 4 ; but if mercury be strongly heated with an 
excess of the acid, the mercuric salt, HgS0 4 , 91 is formed. Alkalis do 
not acton mercury, but the non-metals chlorine, bromine, sulphur, and 
phosphorus easily combine with it They form, like the acids, two series 
of compounds, HgX and HgX,. The oxygen compound of the first series 
is the suboxide of mercury, or mercurous oxide, Hg a O, and of the 
second order the oxide HgO, mercuric oxide. The chlorine compound 
corresponding with the suboxide is HgOl (calomel), and with the ozide 
HgCl, (corrosive sublimate or mercuric chloride). In the compounds 
HgX, mercury resembles the metals of the first group, and more 
especially silver. In the mercuric compounds there is an evident 

are less than the corresponding ones for potassium, sodium, calcium, barium, and for 
sino and cadmium— for instance, Zn + O, 85; Zn + Cl* 07; Zn + Br*76; Zn + I* 40; 
Cd + Cl„88; Cd + Br a ,75; Cd + I 2 ,40. 

19 This salt easily forms the crystallo-hydrate HgNOj,H,0, corresponding with ortho- 
nitric acid, H 4 N0 4 (the terms ortho-, pjro>, and mete-acids are explained in the chapter 
on Phosphorus), with the substitution of Hg for H. In an aqueous solution this salt can 
only be preserved in the presence of free mercury, otherwise it forms basic salts, which 
will be mentioned hereafter (Chapter VI., Note 60). 

* Mercuric nitrate, Hg(NOj),,8H a O, crystallises from a concentrated solution of mer- 
cury in an excess of boiling nitrio acid. Water decomposes this salt; at the ordinary 
temperature crystals of a basic salt of the composition Hg(N0 3 ) 3 ,HgO,2H a O are formed, 
and with an excess of water the insoluble yellow basic salt Hg(N0 3 ) 2 ,HaO,2HgO. These 
three salts correspond with the type of ortho-nitric acid, (H J N0 4 ) 2 , in which mercury is 
substituted for 1, 8 and 8 times H,. As all these salts still contain water, it is possible 
that they correspond with the tetrahydrate-N a O» + 4H 9 P = N 9 0(OH) 8 if ortho-nitric 
acid - N,O s ♦ 8H a O - 9NO(OH) 5 . 

** To obtain the mercurio salt a large excess of strong sulphuric acid must be taken 
and strongly heated With a small quantity of water colourless crystals of HgSO^H^O 
may be obtained. An excess of water, especially when heated, forms the basio salt (as 
in Note SO), HgS0 4 ,2HgO, which corresponds with trihydrated sulphuric acid, SO5 + 8H a O 
- 8(OH)e, with the substitution of H* by SHg, which in mercuric salts is equivalent to 
H* Le Chatelier (1888) gives the following ratio between the amounts of equivalents 

per litre: 

HgS0 4 . . . 0.818 800 180 8-09 

SO, 0-759 148 210 840 

—that is, the relative amount of free acid decreases as the strength of the solution 
Increases. 
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resemblance to those of magnesium, cadmium, <fec. Here the atom 
of mercury is bivalent, as in the type RX 2 . M Every soluble mer- 
curous compound (corresponding with the type of the suboxide of 
mercury), HgX, forms a white precipitate of calomel, HgCl, with 
hydrochloric acid or a metallic chloride, because HgCl is very slightly 
soluble in water, HgX + MCI = HgCl -f MX. In soluble mercurio 
compounds, HgX,, hydrochloric acid and metallic chlorides do not 
form a precipitate, because corrosive sublimate, HgCl 3 > is soluble in 
water. Alkali hydroxides precipitate the yellow mercuric oxide from 
a solution of HgX* and the black mercurous oxide from HgX. 
Potassium iodide forms a dirty greenish precipitate, Hgl, with 
mercurous salts, HgX, and a red precipitate, Hgl„ with the mer- 
curic' salts, HgX). These reactions distinguish the mercurio 
from the mercurous salts, which latter represent the transition from 

* The question of the' molecular weight of calomel— that is, whether the mercury in 
the salts of the suboxide is monatomic or diatomic — long occupied the minds of chemists, 
although it is not of very great importance. It is only recently (1894) that this question 
can be considered as answered, thanks to the researches of V. Meyer and Harris, in 
favour of diatomicity — that is, that calomel is analogous to peroxide of hydrogen and 
contains Hg 3 Cl 2 (like 3 H?) in its molecule if corrosive sublimate contains HgClf 
(like water OH 3 ). As a matter of fact, direct experiment gives the vapour density of 
calomel as about 118 — that is, indicates that its molecule contains HgCl, whilst the 
molecule of the sublimate, judging also by the vapour density (nearly 186), contains 
HgCl* ; it might therefore be concluded that the mercury in the suboxide is not only 
monovalent (corresponding to H) but also monatomic, whilst in the oxide it is divalent 
and diatomic. Instances of a variable atomicity, as shown by the vapour density, are 
known in N,0, NO, and Nfl* CO and C0 2 , PC1 S and PCI5, and it might therefore be 
supposed that the present was a suniLur instance. But there are also instances of * 
variable equivalency which do not correspond to a variation of atomicity — for example, 
OH, (water) and OH (peroxide of hydrogen), CHj (methane), CH 3 (ethyl), and 
CH 3 (ethylene), &c. Here, according to the law of substitution, the residues of OH, and 
CH4 combine together and give molecules ; OHOH = 3 H 3 (peroxide of hydrogen) and 
CH3CH3 «s C 3 H« (ethane), &c. The same may be assumed also to be the relation of 
calomel to sublimate; the residue HgCl, which is combined with CI in sublimate, 
corresponds to HgCl^, and in calomel it may be supposed that this residue is com- 
bined with itself, forming the molecule Hg^Clj. On this view of the composition of the 
molecule of calomel it would follow that in the state of vapour it breaks up into two 
molecules, HgCl, and Hg, when the vapour density would be about 11C (because that of 
snbLimate is about 186 and that of mercury about 100), and that in cooling this mixture 
(like a mixture of HC1 and NH S ) again gives Hg^CLj. It was therefore necessary to 
prove that calomel is decomposed in the state of vapour. This was not effected for % 
long time, although Odling, as far back as the thirties, showed that gold becomea 
amalgamated (ue. absorbs metallic mercury) in the vapour of calomel, but not in the 
vapour of sublimate. Recently, however, V. Meyer and Harris (1894) have shown that 
e greater amount of .the vapour of mercury than of calomel passes (at about 469°) 
through a porous clay cell, Containing calomel. This proves that the vapour of calomel 
contains a mixture of the vapours of Hg and HgCl*, as would follow from the second 
hypothesis. Moreover, on introducing a heated piece of KHO into the vapour of 
calomel, Meyer observed the formation, not of suboxide (black), but of oxide of mercury 
(yellow). Therefore the molecular formula of calomel must be taken as HgjClt (and not 
HgCl). 
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the mercuric salts to mercury itself, 2HgX = Hg + HgX 3 . The 
salts, HgX, as well as HgX a , are reduced by nascent hydrogen {e.g. 
from Zn + £[2804), by such metals as zinc and copper, and also 
by many reducing agents— for example, hypophosphorous acid, the 
lowest grade of oxidation of phosphorus, by sulphurous anhydride, 
stannous chloride, Ac. Under the action of these reagents the 
mercuric salts are first transformed into the mercurous salts, and 
the latter are then reduced to metallic mercury This reaction is so 
delicate that it serves to detect the smallest quantity of mercury ; 
for instance, in cases of poisoning, the mercury is detected by im- 
mersing a copper plate in the solution to be tested, the mercury 
being then deposited upon it (more readily on passing a gal- 
vanic current). The copper plate, on being rubbed, shows a silvery 
white colour ; on being heated, it yields vapours of mercury, and 
then again assumes its original red colour (if it does not oxidise). 
The mercurous compounds, HgX, under the action of oxidising 
agents, even air, pass into mercuric compounds, especially in the 
presence of acids (otherwise a basic salt is produced), 2HgX + 2HX+0 
sa2HgX 9 + H 3 ; but the mercuric compounds, when in contact with 
mercury, change more or less readily, and turn into mercurous com- 
pounds, HgX 3 +Hg=2HgX. For this reason, in order to preserve 
solutions of mercurous salts, a little mercury is generally added to 
them. 

The lowest oxygen compound of mercury — that is, mercurous oxide, 
Hg,0— does not seem to exist, for the substance precipitated in the 
form of a black mass by the action of alkalis on a solution of mer- 
curous salts gradually separates on keeping into the yellow mercuric 
oxide and metallic mercury, as does also a simple mechanical mix- 
ture of oxide, HgO, with mercury (Ouibourt, Barfoed). The other 
compound of mercury with oxygen is already known to us as mercuric 
oxide, HgO, obtained in the form of a red crystalline substance by the 
oxidation of mercury in the air, and precipitated as a yellow powder 
by the action of sodium hydroxide on solutions of salts of the type 
HgX a . In this case it is amorphous and more amenable to the 
action of various reagents (Chap. XI., Note 32) than when it is in the 
crystalline state. Indeed, on trituration, the red oxide is changed into 
a powder of a yellow colour. It is very sparingly soluble in water, and 
forms an alkaline solution which precipitates magnesia from the solu- 
tion of its salts. 

Mercury combines directly with chlorine, and the first product of 
combination is calomel or mercurous chloride, Hg 2 Cl a . This is obtained, 
at above stated, in the form of a white precipitate by mixing solu- 
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tions of mercorons salts with hydrochloric add or with metallio 
chlorides. A precipitate of calomel is also obtained by reducing a 
boiling aqueous solution of corrosive sublimate, HgCl 2 » with sulphur- 
ous anhydride. It is likewise produced by heating corrosive subli- 
mate with mercury. 2Sbis Calomel may be distilled (although in so doing 
it decomposes and recombines on cooling from a state of vapour) ; its 
vapour density equals 118 compared with hydrogen (si) (see Note 23). 
In the solid state its specific gravity is 7*0 ; it crystallises in rhombio 
prisms, is colourless, but has a yellowish tint, turns brown from the 
action of light, and when boiled with hydrochloric acid decomposes into 
mercury and corrosive sublimate. It is used as a strong purgative.' 
Corrosive sublimate or mercuric chloride, HgCl 2 , can be obtained from 
or converted into calomel by many methods. 38 An excess of chlorine 
(for instance, aqua regia) converts calomel and also mercury in to. corro- 
sive sublimate. It owes its name corrosive sublimate to its vola* 
tility, and, in medicine up to the present day, it is termed Mercuriut 
sublimatus seu r corrosivus. The vapour density, compared with hy- 
drogen ( = 1) is 135 ; therefore its molecule contains HgCl 3 . It forma 
colourless prismatic crystals of the rhombic system, boils at 307% 
and is soluble in alcohol. It is usually prepared by subliming a 
mixture of mercuric sulphate with common salt, HgS0 4 + 2NaCl 
=Na2S0 4 + HgCl 2 . Corrosive sublimate combines with mercurio 
oxide, forming an oxychloride or basic salt, 2351 * of the composition 

ttbb Calomel (in Japanese * Keyfun ') has been prepared in Japan (and China) for 
many centuries, by heating mercury in clay crucibles with sea salt, which contains 
MgCl a and gives HC1. The vapour of the mercury reacts with this HC1 and the oxygen 
of the air and forms calomel : 2Hg + 2HC1 + O = Hg 3 Cl 3 + H^O. The calomel coUecta 
on the lid of the crucible in the form of a sublimate (Divers, 1894). 

B HgCl 2 is partially converted into calomel even in the act of diasolving-in ordinary 
water, especially under the action of light. 

b bU As feebly energetic bases (for instance, the oxides MgQ, ZnQ, PbO, CuO, AlgO* 
Bi a O s , &c), mercuric oxide (see Notes 20, 21) and mercurous oxide easily give basic salts, 
which are usually directly formed by the action of water on the normal salt, according 
to the general equation (for mercuric compounds, RX 2 ) : 

nRX, + t«H,0 «= 2twHX + (n-m)RXjmRO 

neutral salt water acid basio salt 

or else are produced directly from the normal salt and the oxide or its hydroxide. Thus 
mercurous nitrate, when treated with water, forms basio salts of the composition 
6(HgN05),Hg 2 0,H 2 0, 2(HgN0 5 ),Hg v O,H 2 0, and 8(HgN0 5 ),Hg 2 0,H a O, the first two ol 
which crystallise well. Naturally it is possible either to refer similar salts to the 
type of hydrates— for instance, the second salt to the hydrate N a 5 ,4H,0— or to view 
it as a compound, HgN0 3 ,HgHO, but our present knowledge of basic salts is not 
sufficiently complete to admit of generalisations. However, it is already possible to 
view the subjecf in the following aspects : (1) basic salts are principally formed from 
feeble bases : (2) certain metals (mentioned above) form them with particular ease, so that 
one of the causes of the formation of many basic salts must depend on the property of the 
metal itself; (8) those bases which readily form basic salts as a rule also readily form 
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HgCl 2 ,2HgO (magnesium and zinc form similar compounds). This 
compound is obtained by mixing a solution of corrosive sublimate 
with mercuric oxide or with a solution of sodium bicarbonate. In 
general, with both mercurous and mercuric salts, there is a marked 
tendency to form basic salts. 24 

Mercury has a remarkable power of forming very unstable com* 
pounds with ammonia, in which the mercury replaces the hydrogen, 
and, if a mercuric compound be taken, its atom occupies the place of 
two -atoms of the hydrogen in the ammonia. Thus Plantamour and 
Hirtzel showed that precipitated mercuric oxide dried at a gentle 
heat, when continuously heated (up to 100°- 1 50°) in a stream of 

double salts ; (4) in the formation of basic salts, as also everywhere in chemistry, where 
su ffi cient facts have accumulated, we clearly see the conditions of equally balanced 
heterogeneous systems, such as we saw, for instance, in the formation of double salts, 
crystallo-hydrates, Ac 

The mercuric salts often form double salts (confirming the third thesis), and mercuric 
chloride easily combines with ammonia, forming HgfNH^Cii, or in general HgCl^nMCl. 
If a mixture of mercurous and potassium sulphates be dissolved in dilute sulphuric acid, 
the solution easily yields large colourless crystals of a double salt of the composition 
K^0 4 ,3HgS0 4) 2H a O. Boullay obtained crystalline compounds of mercuric chloride with 
hydrochloric acid, and mercurio iodide with hydriodic acid ; and Thomson describes the 
compound HgBr*HBr,4H?0 as a well-crystallised salt, melting at 13°, and having, in 
a molten state, a specific gravity 817 and a high index of refraction. Moreover, the 
capacity of salts for forming basic compounds has been considerably cleared up since the 
investigation (by Wiirtz, Lorenz, and others) of glycol, C. 2 H 4 (OH) 3 (and of polyatomio 
alcohols resembling it), because the ethers C,H 4 X 2 , corresponding with it, are capable of 
forming compounds containing CjH^nCjH^O. 

On the other hand, there is reason to think that the property of forming basic salts is 
connected with the polymerisation of bases, especially colloidal ones {tee the chapter 
on Silica, Lead Salts, and Tungstic Acid). 

M Mercurio iodide, HgL,, is obtained first as'e yellow, and then as a red, precipitate on 
mixing solutions of mercuric salts and potassium iodide, and is soluble in an excess of the 
latter (in consequence of the formation of the double salt, HgKI 9 ) ; of ammonium chloride 
(for a similar reason), <tc It crystallises at the ordinary temperature in square prisms 
of a red colour. On being heated, these change into yellow rhombic crystals, isomorphous 
with mercuric chloride. This yellow form of mercuric iodide is very unstable, and when 
cooled and triturated easily again assumes the more stable red form. When fused, a 
yellow liquid is obtained. Mercuric cyanide* Hg(CN)j, forms one of the most stable 
metallic cyanides. It is obtained by dissolving mercuric oxide in prussic acid, and by 
boiling Prussian blue with water and mercuric oxide, ferric oxide being then obtained in 
the precipitate. Mercuric cyanide is a colourless crystalline substance, soluble in water, 
and distinguished by its great stability ; sulphuric acid does not liberate prussic acid 
from it, and even caustic potash does not remove the cyanogen (a complex salt is 
probably produced), but the halogen acids disengage HCN. Like the chloride, it com- 
bines with mercuric oxide, formiDg the oxycyanide, Hg 2 0(CN)j, and it shows a very marked 
tendency to form double compounds— for example, K?Hg(CN) 4 . The alkali chlorides and 
iodides form similar compounds — for instance, the saltHgKI(CN) 3 crystallises very well, 
and is produced by directly mixing solutions of potassium iodide and mercuric cyanide. 

Wells (1889) and Vare obtained and investigated many such double salts, and showed 
the possibility of the formation, not only of HgClgMCl and HgCl a 2MCl where M is a 
metal of the alkalis— for example, Cs— but also of HgCl 2 3MCl,2(HgCl a )MCl, and in 
general nHgX a mMZ, where X stands for various haloids. 
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dry ammonia, leaves a brown powder of mercuric nitride, N 3 Hg„ 
according to the equation 3HgO + 2NH 3 =N 2 Hg 8 + 3H a O.* 4bto This 
substance, which is attacked by water, acids, and alkalis (giving a 
white powder), is very explosive when struck or rubbed, evolving 
nitrogen, proving that the bond between the mercury and the nitrogen 
is very feeble. 35 By the action of liquefied ammonia on yellow mercuric 

** bU See Chapter XIX., Note 6 bis : HgjP a . In studying the metallio nitrides it is 
necessary to keep the corresponding phosphides in mind. 

* HgjN a is similar in composition to MgsN* &c (Chapter XIV.) The readiness with 
which mercnrio nitride explodes shows that the connection between the nitfegenr 
and the mercury is very unstable, and explains the circumstance that the so-called 
mercury fulminate, or fulminating mercury, is an exceedingly explosive substance. 
This substance is prepared in large quantities for explosive mixtures ; it enters into the 
composition of percussion caps, which explode when struck, and ignite gunpowder. 
Mercury fulminate was discovered by Howard, and from that time has been prepared in 
the following way : one part of mercury is dissolved in twelve parts of nitrio acid, of 
sp. gr. 186, and when the whole of the mercury is dissolved, 55 parts of 90 p.c alcohol 
are added, and the mass is shaken. A reaction then commences, accompanied by a rise in 
temperature due to the oxidation of the alcohol As a matter of fact, many oxidation 
products are produced during the action of the nitric acid on the alcohol (glycollio acid, 
ethers, Arc) When the reaction becomes tolerably vigorous, the same quantity of alcohol 
is added as at the commencement, when a grey precipitate of the fulminate separates. 
This salt has the composition C 9 Hg(N0 2 )N. It explodes when struck or heated. The 
mercury in it may be replaced by other metals— for instance, copper or zinc, and also 
silver. The silver salt, C^AgafNO^N, is obtained in a precisely analogous manner, and is 
even more explosive. Under the action of alkali chlorides, only half the silver is replaced 
by the alkali metal, but if the whole of the silver be replaced by an alkali metal, then 
the salt decomposes. This is evidently because combinations of this kind proceed in virtue 
of the formation of substances in which mercury, and metals akin to it, are c on nected 
in an unstable way with nitrogen. Potassium and otfier light metals are incapable of 
entering into such connection and therefore, the substitution of potassium for mercury 
entails the splitting-up of the combination. Investigations of the fulminates were 
carried on by Oay-Lussac and Liebig, but only the investigations of L. N. 8hishkoff 
fully cleared up the composition and relation of these substances to the other carbon 
compounds. Shishkoff showed that fulminates correspond with the nitarc-add, 
C 3 H a (N02)N. The explosiveness of the group depends partly on its containing at the same 
time NO a and carbon; we already know that all such nitrogen compounds are explosive. 
If we imagine that the N0 3 is replaced by hydrogen, we shall have a substance of the 
composition C 2 HjN. This is acetonitrile— that is, acetic acid +NH 5 -2H 3 0, or ethenyl 
nitrile, as shown in Chapter VI. The formation of an acetic compound by the action of 
nitrio acid on alcohol is easily understood, because acetic acid is produced by the oxida- 
tion of alcohol, and the production of the elements of ammonia, indispensable for the 
formation of a nitrile, is accounted for by the fact that nitrio acid under the action of 
reducing substances in many cases forms ammonia. Moreover a certain analogy has 
been found between fulminating acid and hydroxylamine, but details upon this sub* 
ject must be looked for in works on organic chemistry. The explosiveness of fulminating 
mercury, the rapidity of its decomposition (gunpowder, and even guncotton, burn more 
•lowly and explode less violently), and the force of its explosion, are such that a small 
quantity (loosely covered) will shatter massive objects. 

The investigations of Abel on the communication of explosion from one substance to 
another are remarkable. If guncotton be ignited in an open space, it burns quietly; bat 
if fulminating mercury be exploded by the side of it, the decomposition of the guncotton 
is effected instantaneously, and it then shatters the objects upon which it lies, so rapid t» 
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oxide Weitz also obtained an explosive compound, dimercurammonium 
hydroxide, N 9 Hg 4 0, which corresponds with an ammonium oxide, 
(NH 4 ),0, in which the whole of the hydrogen is replaced by mercury. 
A solution of ammonia reacts with mercuric oxide, forming the 
hydroxide, NHgs'OH, to which a whole series of salts, NHg 2 X, corre- 
spond ; these are generally insoluble in water and capable of decom- 
posing with an explosion. But salts of the same type, but with one atom 
of mercury, KH 9 HgX, are more frequently and more easily formed ; 
they were principally studied by Kane, although known much earlier. 
Thus, if ammonia be added to a solution of corrosive sublimate 
(or, still better, in reverse order), a precipitate is obtained known aa 
white precipitate (Mercurius prcecipitalus albus) or mercurammonium 
chloride, NH a HgCl, which may also be regarded not only as sal-aramoniao 
with the substitution of H* by mercury, but also as HgX 2 , where 
one X represents CI and the other X represents the ammonia radicle, 
HgCl, + 2NH 3 = NH a HgCl + NH 4 C1. When heated, mercur- 
ammonium chloride decomposes, yielding mercurous chloride ; when 
heated with dry hydrochloric acid it forms ammonium chloride and 
mercuric chloride. Other simple and double salts of mercurammonium, 
NH a HgX, are also known. Pici (1890) showed that all the compounds 
HgHjNX may be regarded as compounds of the above-named Hg 2 NX 
with NH 4 X because their sum equals 2HgH 2 X. 24bU 



the decomposition. Abel explains this by supposing that the explosion of the fulminating 
•alt brings the molecules of guncotton into a uniform or as it were harmonious state of 
vibration, which causes the rapid decomposition of the whole mass. This rapid decom- 
position of explosive substances defines the distinction between explosion and com- 
bastion. Besides this, Berthelot showed that from that form of powerful molecular 
concussion which takes place during the explosion of fulminating mercury, the state 
of strain and stability of equilibrium of substances which are endothermal, or capable 
of decomposing with the disengagement of heat — for instance, cyanogen, nitro compounds, 
nitrous oxide, &c. — is generally destroyed. Thorpe showed that carbon bisulphide, CSj, 
also an endothermal substance, decomposes into sulphur and charcoal, when fulminating 
mercury is exploded in contact with it. 

» *>b The capacity for replacing hydrogen in chloride of ammonium by metals also 
belongs to Zn and Cd. Kvasnik (1892), by the action of ammonia upon alcoholic solu- 
tions of CdClt and ZnCl 3 , obtained substances of the general formula M(NH 5 C1)^ formed 
as it were from two molecules of sal-ammoniac by the substitution of two atoms of 
hydrogen by a diatomic metal. These substances appear as white, finely crystalline 
powders. Under the action of heat half the ammonia passes off, and a compound of the 
composition MC1NH 3 C1 is formed. The compounds of cadmium and sine are distinguished 
from each other by the former being more volatile than the latter. 

We may further remark that in the series Mg, Zn, Cd, and Hg the capacity to form 
double salts .of diverse composition increases with the atomic weight. Thus, according to 
Wells and Walden's observations (1893), the ratio n : m f or the type nMClmRClf 
(M-K, Li, Na . . . R»Mg, Zn . . . ) is for Mg 1: 1, for Zn 8 : 1, 2. 1, and 1 : 1; fot 
Cd, besides this, salts are known with the ratio 4 : 1, and for Hg 3 : 1, 2 : 1, 1 : 1, 2 : 8, 1: 
ti,endi: 0. 
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Mercury as a liquid metal -is capable of dissolving other metals and 
forming metallic solutions. These are generally called ' amalgams.' The 
formation of these solutions is often accompanied by the development 
of a large amount of heat— for instance, when potassium and sodium 
are dissolved (Chapter XII., Note 39) ; but sometimes heat is absorbed, 
as, for instance, when lead is dissolved. It is evident that phenomena 
of this kind are exceedingly similar to the phenomena accompanying 
the dissolution of salts and other substances in water, but here it is 
easy to demonstrate that which is far more difficult to observe in the 
case of salts : the solution of metals in mercury is accompanied by the 
formation of definite chemical compounds of the mercury with the 
metals dissolved. This is shown by the fact that when pressed (best 
of all in chamois leather) such solutions leave solid, definite com- 
pounds of mercury with metals. It is, however, very difficult to obtain 
them in a pure state, on account of the difficulty of separating the last 
traces of mercury, which is mechanically distributed between the 
crystals of the compounds. Nevertheless, in many cases such com- 
pounds have undoubtedly been obtained, and their existence it 
clearly shown by the evident crystalline structure and characteristic 
appearance of many amalgams Thus, for instance, jf about 2£ p.c. of 
sodium be dissolved in mercury, a hard, crystalline amalgam is obtained* 
very friable and little changeable in air. It contains the compound 
NaHg ft (Chapter XII., Note 39). Water decomposes it, with the evolu- 
tion of hydrogen, but more slowly than other sodium amalgams, and 
this action of water only shows that the bond between the sodium 
and the mercury is weak, just like the connection between mercury 
and many other elements — for instance, nitrogen. Mercury directly 
and easily dissolves potassium, sodium, zinc, cadmium, tin, gold, bis- 
muth, lead, &c, and from such solutions or alloys it is in most cases 
easy to extract definite compounds— thus, for instance, the compounds 
of mercury and silver have the compositions HgAg and Ag 2 Hg 3 . 
Objects made of copper when rubbed with mercury become covered 
with a white coating of that metal, which slowly forms an amalgam ; 
silver acts in the same way, but more slowly, and platinum combines 
with mercury with still greater difficulty. This metal only readily 
forms an amalgam when in the form of a fine powder. If salts of 
platinum in solution are poured on to^an amalgam of sodium, the 
latter element reduces the platinum, and the platinum separated is 
dissolved by the mercury. Almost all metals readily form amalgams 
if their solutions are decomposed by a galvanic current, where mer- 
cury forms the negative pole. In this way an amalgam may even 
be made with iron, although iron in a mass does not dissolve in 
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mercury. 8ome amalgams are found in nature— for instance, silver 
amalgams. Amalgams are used in considerable quantities in the arts. 
Thus the solubility of silver in mercury is taken advantage of for 
extracting that metal from the ore by means of amalgamation, and 
for silvering by fire. The same is the case with gold. Tin amal- 
gam, which is incapable of crystallising and is obtained by dissolv- 
ing tin in mercury, composes the brilliant coating of ordinary look- 
ing-glasses, which is made to adhere to the surface of the polished 
glass by simply pressing by mechanical means sheets of tin foil bathed 
in mercury on to the cleansed surface of the glass. M (See 'The 
Nature of Amalgams,' by W. L. Dudley ; Toronto, 1889.) 

M I consider it appropriate here to call attention to the want of an element (eke. 
cadmium) between cadmium and mercury in the periodic system (Chapter XV.) Bat as 
in the ninth series there is not a tingle known element, it may be that this series is entirely 
composed of elements incapable of existing under present conditions. However, until this 
is proved in one way or another, it may be concluded that the properties of ekacadmiam 
wfll be between those of oadmiom and mercury. 1 1 ought to have an etomio weight of about 
IS*, to form an oxide EcO, a slightly stable oxide Eo»0. Both ought to be feeble bases, 
easily forming double and basic salts. The volume of the oxide will be nearly 17'6, because 
the volume of cadmium oxide is about 16, and that of mercuric oxide 10. Therefore the 
density of the oxide will approach 171 +17-5-9-7. The metal ought to be easily fusible, 
oxidising when heated, of a grey colour, with a speciflo volume, about 14 (cadmium ■- IS, 
mercury • 16), and, therefore, its specific gravity (155+ M) will nearly - 11. 8ach a metal is 
unknown. Bnt in 1870 Dahl, in Norway, discovered in the island of Otertf, not far from 
Kragerti, in a vein of Ioeland spar in a nickel mjne> traces of a new metal which he celled 
norwegium, and which presented a certain resemblance to ekaoadminm. Perfect purity 
of the metal was not attained, and therefore the properties ascribed to norwegium must 
be regarded as approximate, and likely to undergo considerable alteration on further 
study. A solution of the roasted mineral in scid was twice precipitated by sulphuretted 
hydrogen, and again ignited ; the oxide obtained was easily reduced. When the metal 
was dissolved in hydrochloric acid largely diluted with water, and the solution boiled, the 
bask) salt was precipitated, and thus freed from the oopper which remained in the solu- 
tion. Ths reduced metal had a density 044, and easily oxidised. If the composition NgO 
he assigned to the oxide, then Ng - 145*0. It fused at 944° ; the hydroxide was soluble 
in alkalis and potassium carbonate. In any case, if norwegium is not a mixture of other 
metals, it belongs to the uneven series, because the heavy metals of the even eeriee are 
not easily reducible. Brauner thinks that norwegium oxide is Ng,Oj, the atom Ng - 919, 
and places it in Group VI., series 11, but then the fesbly acid higher oxide, NgO s , ought 
to be formed. 

Amongst the metals accompanying tine which have been named, but not authenti- 
cally asperated, must be included the actinium of Phipeon (1881). He remarked 
that certain sorts of sine give a white precipitate of tine sulphide which blackens on 
exposure to light and then becomes white in the dark again. Its oxide, closely re- 
sembling in many ways cadmium oxide, is insoluble in alkalis, and it forms a white 
metallic sulphide, blackening on exposure to light. As no further mention has been 
i of it since 1889, its existence must be regarded a* doubtful. 
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CHAPTER XVII 

BORON, ALUMINIUM, AND THE ANALOGOUS METALS OP THE THIRD 

GROUP 

If the elements of small atomic weight which we have hitherto 
discussed be placed in order, it will be clearly seen that, judging 
by the formulae of their higher compounds, one element is wanting 
between beryllium and carbon. For lithium gives LiX, beryllium 
forms BeX 2 , and then comes carbon giving CX 4 . Evidently to 
complete the series we must look for an element forming RX 3 , and 
having an atomic weight greater than 9 and less than 12. And boron 
is such a one ; its atomic weight is 11, and its compounds are expressed 
by BX 3 . Lithium and beryllium are metals ; carbon has no metallic 
properties ; boron appears in a free state in several forms which are 
intermediate between the metals and non-metals. Lithium gives an 
energetic caustic oxide, beryllium forms a very feeble base ; hence one 
would expect to find that the oxide of boron, B^a* na8 •tiU more 
feeble basic properties and some acid properties, all the more as CO, 
and N a 5 , which follow after B 2 3 in their composition and in the 
periodic system, are acid oxides. And, indeed, the only known oxide of 
boron exhibits a feeble basic character, together with the properties of 
a feeble acid oxide. This is even seen from the fact that a solution of 
boron oxide reddens blue litmus and acts on turmeric paper as an 
alkali, and these reactions may be used for determining the presence of 
B s 8 in solutions. By themselves the alkali borates have an alkaline 
reaction, which clearly indicates the feeble acid character of boric acid. 
If they are mixed in solution with hydrochloric acid, boric acid it 
liberated, and if a piece of turmeric paper be immersed in this solution 
and then dried, the excess of hydrochloric acid volatilises, while the 
boric acid remains on the paper and communicates a brown coloration to 
it, just like alkalis. 

Boron trioxide or boric anhydride enters into the composition of 
many minerals, in the majority of cases in small quantities as an 
ifoxnorphous admixture, not replacing acids but bases, and most fre- 
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quently alumina (Al a 9 ), (or as a rule the amount of alumina de- 
creases as that of the boric anhydride increases in them. This sub- 
stitution is explained by the similarity between the atomic composition 
of the oxides of aluminium (alumina) and boron. The subdivision of 
oxides into basic and acid can in no way be sharply defined, and here 
we meet with the most conclusive proof of the met, for the oxides of 
boron and aluminium belong to the number of intermediate oxides, 
closely approaching the limit separating the basic from the acid oxides. 
Their type (Chapter XV.) R 9 3 is intermediate between those of the 
basic oxides R,0 and RO and those of the acid oxides R a O a and R0 3 . 
If we turn our attention to the chlorides, we remark that lithium 
chloride is soluble in water, is not volatile, and is not decomposed by 
water ; the chlorides of beryllium and magnesium are more volatile, 
and although not entirely, still are decomposed by water ; whilst the 
chlorides of boron and aluminium are still more volatile and are decom- 
posed by water. Thus the position of boron and aluminium in the series 
of the other elements is clearly defined by their atomic weights, and 
shows us that we must not expect any new and distinct functions in 
these elements. 

Boron was originally known in the form of sodium borate, 
Na 9 B 4 O 7 ,10H 9 O, or borax, or tincal, which was exported from Asia, 
where it is met with in solution in certain lakes of Thibet ; it has also 
been discovered in California and Nevada, U.S.A. 1 Boric acid vas 
afterwards found in sea- water and in certain mineral springs. 1 Its 

1 Borax ia either directly obtained from lake* (the American lakes give about 9,000 tone 
and the lakes of Thibet about 1 ,000 tons per annum), or by heating native calcium borate (tee 
Note 8) with sodium carbonate (about 4,000 tons per annum), or it is obtained (up to 9,000 
tons) from the Tuscan impure boric acid and sodium carbonate (carbonic anhydride is 
evolved). Borax gives supersaturated solutions with comparative ease (Gernes), from 
which it crystallises, both at the ordinary and higher temperatures, in octabedra, con- 
taining Na^B 4 07,6H,0. Its sp. gr. is 1*81. But if the crystallisation proceeds in open 
vessels, then at temperatu-es below 63°, the ordinary prismatic crystallo-hydrate 
BjNa/)?, 10H*O is obtained. Its sp. gr. is 1*71, it effloresces in dry air at the ordinary 
temperature, and at 0° 100 parts of water dissolve about 8 parts of this crystallo-hydrate, 
at 60° 97 parts, and at 100° 901 parts. Borax fuses when heated, loses its water and 
gives an anhydrous salt which at a red heat fuses into a mobile liquid and solidifies into 
a transparent amorphous glau (sp. gr. 9*87), which before hardening acquires the pasty 
condition peculiar to common molten glass. Molten berax dissolves many oxides and on 
solidifying acquires characteristic tints with the different oxides ; thus oxide of cobalt gives 
a dark blue glass, nickel a yellow, chromium a green, manganese an amethyst, ora- 
uiura a bright yellow, &c. Owing to its fusibility and property of dissolving oxides, 
borax is employed in soldering and brating metals. Borax frequently enters into the 
composition of strass and fusible glasses. 

9 We may mention the following among the minerals which contain boron, cal- 
cium borate, (CaO) 3 (B 7 3 )(H. 1 0) 6 , found and extracted in Asia Minor, near Brass; 
boracite (stassfurtite), (MgO) (B 9 Oj),j,MgCl«, at Stassfurt, in the regular system, 
large crystals and amorphous masses (specific gravity 9*95), used, in the arts: 
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pretence may be discovered by means of the green coloration which it 
communicates to the flame of alcohol, which is capable of dissolving free 
boric acid. 8 Many of the boron oompounds employed in the arts are 
obtained from the impure boric acid which is extracted in Tuscany from 
the so-called suffionu In these localities, which present the remains 
of volcanic action, steam mixed with nitrogen, hydrogen sulphide, small 
quantities of boric acid, ammonia, and other substances, issue from the 
earth. ,bi * The boric acid partially volatilises with the steam, for if a 
solution of boric acid be boiled, the distillate will always contain a cer- 
tain amount of this substance. 4 

eremtefflU (Damour), A1BO, or AV> s B s O Sv found in the Adukhalonsk mountains in 
colourless, transparent prisma (specific gravity 8*98) resem bl i n g apatite; <Uihokt; 
(CaO)t(SiOi)tBjOvHflO ; and ulksite, or the boron-sodium carbonate from which a 
Urge quantity of borax is now extracted in America (Note 1). As much aa 10 pjc of 
boric anhydride sometimes enters into the composition of tourmaline and axmite. 

1 This green coloration is best seen by taking an alcoholic eolation of volatile ethyl 
borate, which is easily obtained by the action of boron chloride on alcohol. 

8M* p. Chigeffsky showed in 1884 (at Geneva) that in the evaporation of saline 
solutions many salts are carried off by the vapour— for instance, if a solution of potash 
containing about 17-00 grams of K3CO3 per litre be boiled, about 6 milligrams of salt are 
carried off for every litre of water evaporated. With LifCOj the amount of salt carried 
over is infinitesimal, and with Na^COj it is half that given by K3CQ3. The volatilisation 
of B*O s under these circumstanoes is incomparably greater— for instance, when a 
solution containing 14 grams of Bj0 3 per litre is boiled, every litre of water evaporated 
carries over about 860 milligrams of BjOj. When Chigeffsky pasaed steam through a 
tube containing BfOj at 400°, it carried over so much of this substance that the name 
of a Bunsen's burner into which the steam was led gave a distinct green coloration; but 
when, instead of steam, air was passed through the tube there was no coloration what- 
ever By placing a tube with a cold surface in steam containing BrO* Chigeffaky 
obtained a crystalline deposit of the hydrate BfOHfo on the surface of the tube. 
Besides this, he found that the amount of BfOj carried over by steam increases with the 
temperature, and that crystals of B(OH)j placed in an atmosphere of steam (although 
perfectly still) volatilise, which shows that this is not a matter of mechanical transfer, 
but is based on the capacity of B,0 3 and B(OH)j to pass into a state of vapour in an 
atmosphere of steam. 

4 How it is that these vapours containing boric acid are formed in the interior of the 
earth is at present unknown. Dumas supposes that it depends on the presence of boron 
tulphidt, B,8j (others think boron nitride), at a certain depth in the earth. This sub* 
stance ma y be artificially prepared by heating a mixture of boric acid and charcoal in a 
stream of carbon bisulphide vapour, and by the direct combination of boron and the 
vapour of sulphur at a white heat The almost non-crystalline compound Bt8* sp. gr. 
1*55, thus obtained is somewhat volatile, has an unpleasant smell, and is very easily de- 
composed by water, forming boric acid and hydrogen sulphide, B^ -1- 8H*0 » &/>*+ 812*8. 
It is supposed that a bed of boron sulphide lying at a certain depth below the surface of 
the earth comes into contact with sea water which haa percolated through the upper 
strata, becomes very hot, and gives steam, hydrogen sulphide, and boric acid. This also 
explains the presence of ammonia in the vapours, because (he sea water certainly passea 
through crevices containing a certain amount of animal matter, which is decomposed 
by the action of heat and evolves ammonia. There are several other hypotheses for ex- 
plaining the presence of the vapours of boric acid, bus- owing to the want of other known 
localities the comparison of these hypotheses is at present hardly possible. The 
•mount of boric anhydride in the vapours which escape from the Tuscan fumeroOes and 
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If boric acid be introduced into an excess of a strong hot solution 
of sodium hydroxide, then, on slowly cooliog, the salt NaBO„4H 2 
crystallises out. This salt contains an equivalent of Na,0 to one equi- 
valent BjO a . It might be termed a neutral salt did it not possess 
strongly alkaline reactions and easily split up into the alkali and the 
more stable borax or biborate of sodium mentioned above, which con- 
tains 2B,0, to Na a O. A This salt is prepared by the action of boric 

suffioni is very inconsiderable, less than one-tenth per cent., and therefore the direct ex- 
traction of the acid would be very uneconomical, hence the heat contained in the discharged 
vapours is made use of for evaporating the water. This is done in the following manner. 
"Reservoirs are constructed over the crevices evolving the vapours, and the water of 
some neighbouring spring is passed into them. The vapours are caused to pass through 
these reservoirs, and in so doing they give up all their boric acid to the water and heat 
it, so that after about twenty-four hours it even boils ; still this water only forms a very 
weak solution of boric acid. This solution is then passed into lower basins and again 
saturated by the vapours discharged from the earth, by which means a certain amount 




Fio. 81.— Extraction of borio sdd in Tuscany. 

of the water is evaporated and a fresh quantity of boric acid absorbed ; the same process 
Is repeated in another reservoir, and so on until the water has collected a somewhat 
considerable amount of borio acid. The solution is drawn from the last reservoir a into 
settling vessels B d, and then into a series of vessels a, 6, c In these vessels, which are 
made of lead, the solution is also evaporated by the vapours escaping from the earth, 
and attains a density of 10° to 11° Baume*. It is allowed to settle in the vessel c, in which 
it cools and crystallises, yielding (not quite pure) crystalline boric acid. At temperatures 
above 100°, for instance, with superheated steam, boric acid volatilises with steam very 
easily. 

• Metsla, like Na, K, Li, give salts of the type of borax, MBO* or MH«BO s . A 
eolation of borax, NftfBjO?, has an alkaline reaction, decomposes ammonia salts with. the 
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add on a solution of sodium carbonate. Borax may be perfectly purified 
by crystallisation. If a saturated and hot solution of borax be mixed 
with strong hydrochloric acid, common salt and a normal crystalline 
hydrate of boric acid are formed. The composition of this hydrate 
is B(HO) 3 , according to the form BX, — that is, of the composition 
B 2 3 ,3H 2 0. This is the easiest method of obtaining pure boric acid. 
The water is easily expelled from this hydrate ; it loses half at 100° and 
the remainder on further heating, and the remaining B 2 0, or boric 
anhydride fuses at 580° (according to Carnelley), forming at first a 
ductile (easily drawn out into threads), tenacious mass and then a 
colourless liquid solidifying to a transparent glass, which absorbs 
moisture from the atmosphere and then becomes cloudy. 6 Only the 

liberation of ammonia (Bolley), absorbs carbonic anhydride like an alkali, dissolve* 
iodine like an alkali (Georgiewics), and seems to be decomposed by water. Thus Rose 
showed that strong eolations of borax give a precipitate of silver borate with silver 
nitrate, whilst dilate eolations precipitate silver oxide, like an alkali Georgiewios 
even supposes (1888) boric anhydride to be entirely void of acid properties ; for all adds, 
on acting on a mixture of solutions of potassium iodide and iodate, evolve iodine, but 
boric acid does not do this. With dilute solutions of sodium hydroxide Berthelot ob- 
tained a development of heat equal to 114 thousand calories per equivalent of alkali (40 
grams sodium hydroxide) when the ratio Na^O : SB^Oj (as in borax) was taken, and only 
4 thousand calories when the ratio was Na^O : B^Os, whence he concludes thai water 
powerfully decomposes those sodium borates in which there is more alkali than in borax. 
Laurent (1849) obtained a sodium compound, NagO, iB^O^lOHaO, containing twice as 
much boric anhydride as borax, by boiling a mixture of borax with an equivalent 
quantity of sal-ammoniac until the evolution of ammonia entirely ceased. 

Hence it is evident that feeble acids are as prone to, and as easily, form acid salts 
(that is, salts containing much acid oxide) as feeble bases are to give basic salts. These 
relations become still clearer on an acquaintance with such feeble acids as silicic, 
molybdie, &c. This variety of the proportions in which bases are able to form salts recalls 
exactly the variety of the proportions in which water combines with crystallo-hydrates. 
But the want of sufficient data in the study of these relations does not yet permit of 
their being generalised under any common laws. 

With respect to the feeble acid energy of boric anhydride I think it useful to add the 
following remarks. Carbonic anhydride is absorbed by a solution of borax, and dis- 
places boric anhydride ; but it is also displaced by it, not only on fusion, bat also on 
solution, as the preparation of borax itself shows. 8ulphuric anhydride is absorbed by 
boric acid, forming a compound BtHSO*)* where HS0 4 is the radicle of sulphuric acid 
(D'Ally). With phosphoric acid, borio acid forms a stable, compound, BPO* or 
R,O s P a O & , undecoraposable by water, as Gustavson and others have shown. With 
respect to tartaric acid, boric anhydride is able to play the same part as antimoniout 
oxide. Mannitol, glycerol, and similar polyhydric alcohols also seem able to form parti* 
cularly characteristic compounds with boric anhydride. All these aspects of the subject 
require still further explanation by a method of fresh and detailed research. 
6 Ditte determined the sp. gr. : — 

0° 19° 80° 

BtO$ 1*8766 1*8476 1*6988 

B(OH) s 1*6468 1*6172 1*8898 

8olubility 1*86 3*99 16*89 

The last line gives the solubility, in grams, of boric acid, B(OH)j, per 100 c.c of i 
also according to the determinations of Ditte. 
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alkaline salts of boric acid are soluble in water, but all borates are 
soluble in acids, owing to their easy decomposability and the solubility 
of boric acid itself. Although boric anhydride, B,0„ absorbs 8H,0 
from damp air, still in the presence of water it always 7 combines with 
a less quantity of bases (borax only contains £). However, fused boric 
anhydride forms a crystalline compound with magnesium of the same 
type as the hydrate (MgO) 3 B,0, (Ebelmann), and even with sodium it 
forms (Na,0),B,0, or Na 8 fe0 3 (Benedict). As a rule, the salts of 
boric acid contain less base, although they are all able to form saline 
compounds with bases when fused. (Generally, vitreous fluxes are 
formed by this means, 9 which when fused recall ordinary aqueous solu- 
tions in many respects. Some of them crystallise on solidifying, and 
then they have, like salts, a definite composition. The property of 
boric anhydride of forming higher grades of combination with basic 
oxides when fused explains the power of fused borax to dissolve metallic 
oxides, and the experiments of Ebelmann on the preparation of artificial 
crystals of the precious stones by means of boric anhydride. Boric 
anhydride is, although with difficulty, volatile at a high temperature, 
and therefore if it dissolves an oxide, it maybe partially driven off from 
such a solution by prolonged and powerful ignition ; in which case 
the oxides previously in solution separate out in a crystalline form, 
and frequently in the same forms as those in which they occur in 
nature— for example, crystals of alumina, which by itself fuses with 
difficulty, have been obtained in this manner. It dissolves in 
molten boric anhydride, and separates out in natural rhombohedrio 
crystals. In this way Ebelmann also obtained tpxnel— that is, 4. 

T It is evident tint, in the presence of basic oxides, water competes with them, which 
fact in *U probability determines both tbe amount of water in the salts of boric acid -as 
well as their decom p osition by an excess of water. In confirmation of the above- 
mentioned competing action between water and bases, I think it useful to point out 
that the crystallo-hydrate of borax containing 6H*0 may be represented as B<HO)* or 
rather as B?(OH)e, with the substitution of one atom of hydrogen by sodium, sinco 
Na 3 B 4 7 ,6H^)»fiB 3 (OH)5(ONa). The composition of the acid boric salts Is very varied, 
as is seen from the fact that Reychler (1898) obtained (Ci<,0)dB,Os, (Rb,0)xBtO» 
(corresponding to borax) and (Li,0)B«O s , and that Le Chatelier and Ditte obtained, for 
CaO, MgO, &c (BO)B,0* (RO)a8B*Oj, (RO)2B,O s , (ROJAOj, and even (RO W>* 

* A glass can only be formed by those slightly volatile oxides which correspond with 
feeble acids, like silica, phosphoric and boric anhydrides, &c, which themselves givo 
glassy masses, like quarts, glacial phosphoric acid, and boric anhydride. They are able, 
like aqueous solutions and like metallic alloys, to solidify either in an amorphous form 
or to yield (or even be wholly converted into) definite crystalline compounds. This view 
fflustrates the position of solutions amongst the other chemical compounds, and allows 
all alloys to be regarded from the aspect of the common laws of chemical reactions. I 
have therefore frequently recurred to it in this work, and have sinoe the year 1860 
introduced it into various provinces of chemistry 
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oompound of magnesium and aluminium oxides which occurs in 
nature. 9 

Free boron was obtained (1809) by Davy, Gay-Lussac, and Thenard 
when they obtained the metals Of the alkalis, for boric anhydride 
when fused with sodium gives up its oxygen to the sodium, and free 
boron is liberated as an amorphous powder like charcoal. 10 It is of a 
brown colour, specific gravity 2*45 (Moissan), and when dry does not 
alter in the air at the ordinary temperature ; but it burns when ignited 
to 700°, and in so doing combines not only with the oxygen of the air, but 
also with the nitrogen. However, the combustion is never complete, 
because the boric anhydride formed on the surface covers the remain- 
ing mass of the boron, and so preserves it from the action of the 
oxygen. Acids, even sulphuric (forming SO,) and phosphoric (form- 
ing phosphorus), easily oxidise amorphous boron, especially when 

* If boric acid in it© aqueous solutions proves to be exceedingly feeble, unenergetjo, 
end easily displaced from its salts by other acids, yet in an anhydrous state, as anhydride, 
it exhibits the properties of an energetic acid oxide, and it displace* the anhydrides of 
other acids. This of course does not mean that the acid then acquires new chemical 
properties, but only depends on the fact that the anhydrides of the majority of acids an 
much more volatile than boric anhydride, and therefore the salts of many adds— eren of 
sulphuric add — are decomposed when fused with boric anhydride. 

By itself boric acid is used in the arts in small quantity, chiefly for the preeorvstion 
of meat and fish (which must be afterwards well washed in water) and of milk, end for 
soaking the wicks of stearin candles ; the latter application is based on .the met that 
the wicks, which are made of cotton twist, contain an ash which is infusible by itself but 
which fuses when mixed with boric acid. 

10 Amorphous boron is prepared by mixing 100 parte of powdered boric anhydride 
with 60 parte of sodium in small lumps ; this mixture is thrown into a powerfully heated 
cast-iron crucible, covered with a layer of ignited salt, and the crucible cove r e d . 
Reaction proceeds rapidly ; the mass is stirred with an iron rod, and poured directly into 
water containing hydrochloric acid. The action is naturally accompanied by the forma- 
tion of sodium borate, which is dissolved, together with the salt, by the water, whilst the 
boron settles at the bottom of the vessel as an insoluble powder. It is washed in water, 
and dried at the ordinary temperature. Magnesium, and even charcoal and phosphorus, 
are also able to reduce boron from its oxide. Boron, in the form of an amorphous powder, 
very easily passes through filter-paper, remains suspended in water, and colours it brown, 
so that it appears to be soluble in water. Sulphur precipitated from solutions shows the 
same (oolloidal) property. When borax is fused with magnesium powder, it gives a brown 
powder of a compound of boron and magnesium, Mg»B (Winkler, 1890), but when a 
mixture of 1 part of magnesium and 8 parts of B3O3 is heated to redness (Moissan, 19M), 
it forms amorphous boron in the form of a chestnut-coloured powder, which, after being 
■washed with water, hydrochloric and hydrofluoric adds, is fused again with B1O5 in an 
atmosphere of hydrogen in order to prevent the access of the nitrogen of the air, which 
is easily absorbed by incandescent amorphous boron. 

8abatier (1891) considers that a certain amount of gaseous hydride of boron is evolved 
in the action of hydrochloric acid upon the alloys of magnesium and boron, because the' 
gas disengsged burns with a green flame Still, the existence of hydride of boron cannot 
be regarded as certain. 

Under the action of the heat of the electric furnace boron forms with carbon • 
carbide, BC, as MUhlhauser and Moissan showed in 1898 
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heated, converting it into bono acid. Alkalis have the same action 
on it, only in this case hydrogen is evolved. Boron decomposes 
steam at a red heat, also with evolution of hydrogen. 

Amorphous boron, like charcoal, dissolves in certain molten metals. 
The property of fused aluminium of dissolving boron in considerable 
quantity is very striking ; on cooling such a solution, the boron par* 
tially combined with the aluminium separates out in a crystalline 
form, and its properties are then exceedingly remarkable. The 
crystalline boron may be obtained by heating (to 1,300°) the pulverulent 
boron with aluminium in a well-closed cruoible, the access of air 
being prevented as far as possible. After cooling, crystals are observed 
on the surface of the aluminium, and may easily be separated by dissolving 
the latter in hydrochloric acid, which does not act on the crystals. The 
speciSc gravity of the crystals is 2*68 ; they are partially transparent, 
but are for the most part coloured dark brown ; they contain about 
4 p.c of carbon and up to 7 p.c. of aluminium, so that they cannot 
Be considered as pure boron. Nevertheless, the properties of this 
crystalline substance, which was obtained by Wohler and Deville, 
are very remarkable. It most closely resembles the diamond iti it* 
properties — in fact, these crystals have the lustre and high refracting 
power proper to the diamond only, whilst their hardness competes with 
that of the diamond. Their powder polishes even the diamond, and like 
the diamond scratches the sapphire and corundum. Crystalline boron is 
much more stable with respect to chemical reagents than the amorphous 
variety, and as it resembles the diamond, so amorphous boron, on the 
other hand, distinctly recalls certain of the properties of charcoal ; thus 
a certain resemblance exists between boron and carbon in a free state, 
which is further justified by the proximity of their positions in the 
periodic system. 

Among the other compounds of boron, those with nitrogen and 
the halogens are the most remarkable. As already mentioned above, 
amorphous boron combines directly with nitrogen at a red heat. If 
it be heated in a glass tube in a stream of nitric oxide; per- 
fect combustion takes place, 5B + 3NO=B,0 8 +3BN. if the residue 
be treated with nitric acid, the boric anhydride dissolves, whilst the 
boron nitride remains 11 as an extremely light white powder, which 

11 At first boron nitride was obtained by heating borio acid with potassium cyanide 
or other cyanogen oompounds. It may be more simply prepared by heating anhydrous 
borax with potassium ferrocyanide, or by heating borax with ammonium chloride. For 
this purpose one part of borax is intimately mixed with two parts of dry ammonium 
chloride, and the mixture heated in a platinum cruoible. A porous mass is formed, which 
alter crushing and treating with water and hydrochloric acid, leaves boron nitride. Boron 
Jtmarids, BF. is known, corresponding to BN ; this body was obtained by B o sson and 

*4 
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is sometimes partially crystalline and greasy to the touch, like talc It 
is infusible and unchanged, even at the melting-point of nickeL In 
general, it is remarkable for its great stability with respect to chemical 
reagents. Nitric and hydrochloric acids, as well as alkaline 'solutions, 
and hydrogen and chlorine at a red heat, have no action on it 
When fused with potash, it evolves ammonia, and when ignited in 
steam it also yields ammonia : 2BN + 3H 2 0=£ t O t +2NH a ." 

No less remarkable is the compound of boron with fluorine — boron 
fluoride, BF 3 . It is produced in many instances when compounds of 
boron and of fluorine are brought together. 18 The most convenient 
method of preparing it is by heating a mixture of calcium fluoride 
with boric anhydride and sulphuric acid, 3CaF 8 + B a O, + 3H a S0 4 
= 3CaS0 4 + 3H,0 + 2BF 3 . u It is a .colourless liquefiable gas (the 
liquid boils at — 100°), which on coming into contact with damp air 
forms white fumes, owing to its combining with water. One volume 
of water dissolves as much as 1,050 volumes of this gas (Bazaroff), 
forming a liquid which disengages boron fluoride when heated, and 
distils over unaltered. Boron fluoride chars organic matter, owing to its 
taking up the water from it, and in this respect it acts like sulphuric 
acid. The behaviour of boron fluoride with water must be understood as 
a reversible reaction, since with water it yields hydrofluoric and boric 
acids, whilst they, acting on one another, re-form boron fluoride and 
water A state of equilibrium is set up between these four substances 
(and between two reversible reactions) which is distinctly dependent 
on the mass of the water. ,4bto When boron fluoride is in great excess, 
the equilibrated system, which is capable of distilling over (sp. gr. 

Moissan (1891). The action of phosphorus upon iodide of boron, BI S , forms PBI,, and 
when heated to 500° in hydrogen it forms BP, which gives PH 5 with ftfted KHO. 

'* When fused with potassium carbonate it forms potassium cyanate, BN + K»COj 
-KBOj + KCNO. All this shows that boron nitride is a nitrile of boric acid, BO(OH) 
+ NH 5 — 2H,,0 = BN. The same is expressed by saying that boron nitride is a compound 
of the type of the boron compounds BXj, with the substitution of X 5 by nitrogen, as the 
trivalent radicle of ammonia, Nrts. 

13 Boron fluoride is frequently evolved on heating certain compounds occurring in 
nature containing both boron and fluorine. If calcium fluoride is heated with borlo 
anhydride, calcium* borate and boron fluoride are formed, and the latter, as a gas, is 
volatilised. 2B,0 < j + 8CaF a »2BP3 + Ca 3 B.p c . The calcium borate, however, retains a 
certain amount of calcium fluoride. 

14 In order to avoid the formation of silicon fluoride the decomposition should not 
be carried on in glass vessels, which contain silica, but in lead or platinum vessels. 
Boron fluoride bv itself does not corrode glass, but the hydrofluorio acid liberated in tlie 
reaction may bring a part of the *ilica into reaction. Boron fluoride should bo collected 
over mercury, as water acts* on it, as we shall see afterwards. 

1 * bU It appears to mo that from this point of view it is possible to understand the 
apparently contradictory results of different investigators, especially those of Gay Lnssao 
(and Tbenard), Davy, Bcrzelius, and BozorofT. In the form in which the reaction of BFj 
on water is given here, it is ovident that the act °' solution in water is accompanied by 
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of the liquid 1*77), has a composition BF„2H,0 (or B,0 3 ,H,0,6HF). 
It has also its corresponding salts. 15 It is a caustic liquid, having the 
properties of a powerful acid ; but it does not act on glass, which shows 
that there is no free hydrofluoric acid present Under the action of 
water this system changes, with the formation of boric acid and 
hydroborofluoric acid (HBF 4 ) according to the equation 4BF,H 4 0, 
s=3HBF 4 +BH 9 O s + 5H t 0. 16 This hydroborofluoric acid has its 
corresponding salts — for instance, KBF 4 . On evaporating the aqueous 
solution this free acid decomposes, with the evolution of hydro- 
fluoric acid, and a stable system is again obtained : 2HBF 4 + 5H,0 
s*> B,F 6 H l0 O 4 + 2HF . The resultant solution (containing 2BF„5H,0, 
sp. gr. 1*58), which is identical with that formed by the evaporation of 
a solution of boric acid with hydrofluoric acid, again only contains 
a compound of boron fluoride with water. Probably there are 
various other possible and more or less stable states of equilibrium 
and definite compounds of boron fluoride, hydrofluoric acid, and 
water. 

Nothing of this kind occurs with boron chloride, because hydro- 
chloric acid does not act on boric acid. However, amorphous boron 
at 400° burns in chlorine, and at 410° forms boron chloride, BCL, 
The boron burns in the chlorine, forming a gas which, in a freezing 
mixture, condenses into a liquid boiling at 17°, and gives up its excess 
of chlorine, if there be any, to mercury. The specific gravity of this 
liquid is 1*42 at 6°. Boron chloride may also be directly obtained 
from boric anhydride by the simultaneous action of charcoal and 
chlorine at a high temperature : B,0, + 3C + 3C1 8 = 2BC1, + SCO. It 
is also obtained by the action of phosphoric chloride on boric an. 
hydride in a closed tube at 200°. It is completely decomposed by 
water, like the chloranhydride of an acid, boric acid being formed ; 
hence it fumes in the air: 2BCl s +6H t O = 2BH 3 0, + 6HC1. Boron 

complex but direct chemical transformations, and I think that this example should prove 
the justness of those observations upon the nature of solotions which are given in 
Chapter L 

** Ibey are called flooborates. They may be prepared directly from fluorides and 
borates. 8och compounds of halogens with oxygen salts are known in nature (for 
instance, apatite and boracite), and may be artificially prepared. The composition of 
the floobo rat es fa r example, K 4 BF s Q z —ma.j be expressed as that of a double salt, 
BO(OK),8KF. If an excess of water decomposes them (Basaxof!), this docs not prove 
that they do not exist as such, for many double salts are decomposed b? water. 

>• Fluoboric acid contains boron fluoride and water, hydroflnoboric acid, boron fluo- 
ride, and hydrofluoric acid. It is evident that on the one side the competition between 
water and hydrofluoric acid, and, on the other hand, their power to combine, are among 
the forces which act here. From the fact that hydroborofluoric acid, HBF 4 , can only 
exist in an aqueous solution, it must be sssumod that it forme a somewhat stable system 
only in the presence of 8H t O 
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forms with bromine a similar compound, BBr„ specific gravity at 
6*^2-64, boiling at 90°. The vapour densities of the fluoride, chloride, 
and bromide of boron show that they contain three atoms of the 
halogen in the molecule— that is, that boron is a trivalent element 
forming BX,." «• 

As in the "first group lithium is followed by sodium, giving a more 
basic oxide, to in the second group beryllium is followed by magnesium, 
and so also in the third group there is, besides the lightest element, 
boron, whose basic character is scarcely defined, aluminium, Al = 27, 
whose oxide, alumina, has somewhat distinct basic properties, which, 
although not so powerful as in magnesium oxide, are more distinct 
than in boric anhydride. Among the elements of the third group, 
aluminium is the roost widely distributed in nature ; it will be sufficient 
to mention that it enters into the composition of clay to demonstrate 
the universal distribution of aluminium in the earth's crust. 

Alumina is so named from its being the metal of alums (alumen). 

Clay, which is so widely distributed and familiar to everybody, is 
the insoluble residue obtained after the action of water containing 
carbonic acid on many rocks, and especially on the t felspars contained 
in some of them. Felspar is a compound containing potash or soda, 
alumina, and silica. The primary rocks, like granite, contain many 
similar compounds (see Chapter XVIII. : Felspars). Felspar is acted 
on by water containing carbonic acid, all the alkalis (potash and 
soda), and a portion of the silica passing into the water as substances 
which are soluble and carried away by it, whilst the alumina and 
silica left from the felspar remain on the spot where the solution 
has taken place. This is the original method of the formation of 
clay in its primary deposits among rocks along whose crevices the 
atmospheric water has permeated. Such primary deposits often contain 
a white pure clay, termed kaolin or porcelain clay. But such clay is a 
rarity, because the conditions for its formation are rarely met with. 
The water, whilst acting chemically on rocks, at the same time destroys 
them mechanically, and carries off the finely divided residues of dis- 
integration with it. Clay is most easily subjected to this mechanical 
action of water, because it is composed of grains of exceedingly small 
size and void of any visible crystalline structure, which easily re- 

testa Iodide of boron, BI S , was obtained by Moiasan (1891), by h&ating a mixture of 
the vapour* of HI and BC1 S in a tube, or by the action of iodine vapour (at 760°) or HI 
upon amorphous boron. BI a is a solid substance which dissolves in benzol and C8j, reacts 
with water, melts at 48°, boils at 210°, has a density 8*8 at 50°, and partially decomposes 
in the light. Beason (1891) obtained BIBr, (boiling at 126°), and BIjBr (boiling at 180°) 
by heating (800-400°) a mixture of the vapours of HI and BBr* and showed that NH*j 
i witb BBrj and BIj in various proportions. 
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main suspended in water. The cloudy water of running mountain 
streams generally contains particles of clay in suspension, owing to the 
above-described chemical and mechanical action of the water on the 
minerals contained in the mountain rocks. Together with these 
minute particles of clay the water carries away the coarser components 
on which it is not able to act — for example, splinters of rock, 
grains of mica, quartz, dec. They were originally held together by 
those minerals which form clay. When the water acts on these 
binding minerals, a sandy mass is formed which water bears away. 
The cloudy water in which the particles of clay and sand are held 
in suspension carries them to, and deposits them at, the estuaries of 
rivers, lakes, seas, and oceans. The coarser particles are first deposited 
and form sand and similar disintegrated rocky matter, whilst the 
clay, owing to its finely divided state, is carried on further, and is 
only deposited in the still parts of the rivers, lakes, Ac. Such dis- 
integrations of rocks and separations of clay from sand have been 
gradually going on during the millions of years of the earth's existence, 
and are now proceeding, and have been the cause of the formation of 
the immense deposits of sandstone and clay now forming a part of the 
earth's strata. Such beds of clay may have been transferred by cur- 
rents and streams from one locality to another, so that we must dis- 
tinguish between primary and secondary deposits of clay. In places 
these beds of clay have, owing to long exposure under water, and 
perhaps partially owing to the action of heat, undergone compression, 
and have formed the rocky masses known as clay slates and schists, 
which sometimes form entire mountains. Roofing slates belong to this 
class of rocks. 

From what has been said above it will be evident that these 
deposits can never consist of a chemically pure and homogeneous sub- 
stance, but will contain all kinds of extraneous insoluble finely divided 
matter, and especially sand — that is, fragments of rock, chiefly quartz 
(Si0 2 ). It is, however, possible to considerably purify clay from 
these impurities, owing to the fact that they are the result of 
mechanical disintegration, whilst the clay has been formed as a residue 
of the chemical alteration of rocky matter, and therefore its particles 
are incomparably more minute than the particles of sand and other 
rock fragments mixed with it. This difference in the size of the grains 
causes the clay to remain longer in suspension when shaken up in water 
than tho coarser grains of sand. If clay be shaken up in water, and 
especially if it be previously boiled in it, and if after the first portion 
has settled the cloudy water be decanted, it will give a deposit of a 
very much purer clay than the original. This method is employed for 



Digitized by 



Google 



72 PRINCIPLES OP CHEMISTRY 

purifying kaolin designed for the manufacture of the best kinds of 
china, earthenware, &c. A similar method is also employed in the in- 
vestigation of earths for determining the composition of soils chiefly 
composed of a mixture of sand, clay, limestone, and mould. The 
limestone is soluble in dilute acids, but neither the clay nor sand passes 
into solution by .this means, and therefore the limestone is easily 
separated in the investigation of soils. The clay is separated from the 
sand by a mechanical method similar to that described above, and 
termed levigatiGti. 11 

17 The process of levigation is based on the difference in the diameters of the particle* 
of clay and sand. In density these particles differ but little from each other, and there- 
fore a stream of water of a certain velocity can only carry away the particles of a certain 
diameter, whilst the particles of a larger, diameter cannot be borne away by it. This it 
dne to the resistance to falling offered by the water. This resistance to substances 
moving in it increases with the velocity, and therefore a substance falling into water will 
only move with an increasing Velocity until its weight equals the resistance offered by 
the water, and then the velocity w>U be uniform. And as the weight of the minute 
particles of day is small, the maximum velocity attained by them in falling is also small. 
A detailed account of the theory of falling bodies in liquid, and of the experiments bear* 
ing on this subject, may be found in my work, Concerning the Resistance of Liquids and 
Aeronautics, 1880. The minute particles of clay remain suspended longer in water, and 
take-longer to fall to the bottom. Heavy particles, although of small dimensions, fall more 
quickly, and are borne away by wster with greater difficulty than the lighter. In this way 
gold and other heavy ores are washed free from sand and clay, and the coarser portions and 
heavier particles are left behind. A current of water of a certain velocity cannot carry 
away with it particles of more than a definite diameter and density, but by increasing the 
velocity of the current a point may be arrived at when it will bear away larger particles. 
A description of apparatus for the observation of phenomena of this kind is given by 
Schbne in his memoir in the Transactions of the Moscow Society of Natural Scienoes for 
1867. In order to be able accurately to vary the velocity of the current of wster, a 
cylinder is employed in which the earth to be experimented on is placed, and water is in* 
troduoed through the conical bottom of the cylinder. The rate at which the water rises 
in the cylinder will vary according to the quantity of water flowing per unit of time into 
the vessel, snd consequently particles of various sizes will be carried away by the water 
flowing over the upper edges of the vessel. Schone showed by direct experiment that a 
current of water having a velocity of 01 mm. per second will carry away particles having 
a diameter of not more than 0*0076 nun., that is, only the most minute; with a velocity 
t» = 0*2 mm. per second, particles having a diameter d = 0*011 mm. are carried away; 
with v = 3 mm., d = 00148 mm.; with t> = 4 mm., <f»0017 mm.; with v-05 mm, 
d-002 mm.; with t*=>l mm., J = 0-08 mm.; with v = 4 mm., <f«0*07 mm.; with 
v«10mmu, <f =0187 mm. ; with t-=»12 mm., 4 = 015 mm. ;. and therefore if the current 
does not exceed one of these velocities, it will only carry away or wash away particles 
having a diameter less than that indicated. The sand and other particles mixed with 
the clay will then remain in the vessel. The very minute particles obtained after levi. 
gation are all considered ss clay, although not only clay but other rock residue may also 
exist in it as very fine particles. However, this is very seldom the case, and the fine 
mud separated from all clays has practically the same composition as the purest kinds 
of kaolin. 

The relation between the amounts of clay and sand in soils used for the cultivation of 
plants is very important, because a soil rich in clay is denser, heavier, shrinks up under 
the action of heat, and does not readily yield to the plough in dry or wet weather, whilst 
• soil rich in sand is friable, crumbling, easily parts with its moisture and dries rapidly,, 
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By treating clay with strong sulphuric acid, which dissolves the 
alumina in it, and then (by means of an alkaline carbonate) dissolving the 
silica which was combined with the alumina in the clay (but not that 

bat it comparatively easily worked. Neither crumbling sand nor pore clay can be re- 
garded as a good cultivating toil. The difference in the amounts of clay and sand in a 
soil has also a purely chemical signification. 8and is easily permeated by the air, because* 
its particles are not closely packed together. Hence the chemical change of manures 
proceeds very easily in sandy soils. But on the other hand such soils do not retain the 
nutritious principles contained in the, manure, nor the water necessary for the nourish- 
ment of plants by means of their roots. Solutions of nutritious substances, containing 
■alts of potassium, phosphoric acid, &c, when passed through sand only leave a portion 
moistening the surface of its particles. The sand has only to be washed with pure water 
and all the adhering films of solution are washed away. It is not so with clay. If the 
abore solutions be passed through slayer of clay the retention of the nutritive substances 
of these solutions will be very marked ; this is partly because of the very large surface 
which the minute particles of clay expose. The nutritive elements dissolved in water are 
retained by the particles of clay in a peculiar manner — that is, the absorptive power of 
day is very great compared to that of sand — and this has a great significance in the 
economy of nature (Chapter XIII., p. 647). It is evident that for cultivation the most 
convenient soils in every respect will be those containing a definite mixture of clay and 
sand, and indeed the most fertile soils have this composition. The study of fertile soils, 
which is so important for a knowledge of the natural conditions for the application of 
fertilisers, belongs, strictly speaking, to the province of agriculture. In Russia the first 
foundation of a scientific fertilisation has been laid by Dokuchaeff. As an example only, 
we will give the composition of four soils ; (1) The black earth of the Simbirsk Govern* 
ment ; (9) a day soil from the Smolensk Government ; (8) a more sandy soil from the 
Moscow Government ; and (4) a peaty soil from near St. Petersburg. These analyses were 
made in the laboratory of the St. Petersburg University about 1800, in connection with 
experiments on fertilisation (conducted by me) by the Imperial Free Economical Society. 
10,000 grams of air-dried soil contain the following quantities (in grams) of substances 
capable of dissolving in acids, and of serving for the nourishment of plants. 

(1) (3) (3) (*) 

NajO 11 6 4 4 

K a O ... 68 10 7 5 

MgO 09 88 19 7 

CaO 184 17 14 11 

P a 4 7 1 7 8 

N 44 11 18 16 

S 18 7 7 6 

Fe,O s 841 156 'ill 46 

By chemical and mechanical analysis, the chief component parts per 100 parts of air* 
dried soil are 

Clay 46 99 19 10 

8and . _. 40 67 86 84 

Organic matter ... 8*7 1*7 0*6 4*1 

Hygroscopio water . . 6*8 1*8 03 1*9 

Weight of a litre in grams . 1160 1970 1860 960 

The black earth excels the other soils in many respects, but naturally it* stores are also 
exhausted by cultivation if nothing be returned to it in the form of fertilisers ; and the 
Improvement of a soil (for instance, by the addition of marl or peat, and by drainage and 
watering), and its fertilisation, if carried on in conformity with its composition and with 
Che properties of the plants to be cultivated, are capable of rendering not only every 
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occurring in the form of Band, <fec., Which is hardly dissolved by car- 
bonate of soda solution at all even on boiling), we may form an idea of 
the proportion between the component parts of a clay ; and by igniting 
it at a high temperature we may determine the amount of water held 
in it: In the purer sorts of clay dried at 100° (sp. gr, of pure kaolin is 
about 2' 5) this proportion is about 2Si0 2 : 2H a O : A1 2 3 . In this case 
the conversion of felspar into kaolin is expressed by the equation : — 

K,0,Al 2 O s ,6SiO a = Al a O a ,2SiO a +KjO,4SiOj ; 

Felspar Kaolin 

the compound K s O,4SiO s passes into solution. 

But as a rule days contain from 45 to 60 p.c. of silica, from 20 to 
30 p.c. of alumina, and about 12 p.c. of water ; and it cannot be 
supposed that clays are always homogeneous, because they are 
an aggregation of residues (of silico-aluminous compounds) which 
are unacted on by water. Nevertheless, clays always contain a 
hydrous compound of alumina and silica, which is able to give up the 
alumina contained by it as a base to strong sulphuric acid, forming 
aluminium sulphate, which is soluble in water. After this treatment 
the silica remains, and is soluble in a solution of an alkaline car- 
bonate. 18 

•oil fit for cultivation, but also of improving its value, so that in the course of time whole 
countries (like Holland) may clearly improve their agricultural position, whilst under 
the ordinary rtgim* of continued exhaustion of the soil, entire regions (as, for instance, 
many parts of Central Asia) may be rendered unfit for any agriculture. 

18 Everyone knows that a mixture of clay and water is endowed with the property of 
taking a given form when subjected to a moderate pressure. This plasticity of clay 
renders it an invaluable material for practical purposes. From clay are moulded and 
manufactured a variety of objects, beginning with the common brick and ending with the 
most delicate china works of art. This plasticity of clay increases with its purity. 
When articles made of clay are dried, the well-known hard mass is obtained ; but water 
washes it away, and furthermore, the cohesion of its particles is not sufficiently great for 
it to resist the impression of blows, shocks, &o. If such an article be subjected to the 
action of heat, its volume first decreases, then it begins to lose water, and it shrinks still 
further (in the case of a compact mass approximately by t of its linear measurement). 
On the other hand, a great coherence of particles is obtained, and thus burnt clay has the 
hardness of stone. Pure clay, however, phrinks so considerably when burnt that the form 
given to it is destroyed and cracks easily form ; such vessels are also porous, so that 
they will not hold water. The addition of sand— that is, silica in fine particles— or of 
ekamotte — that is, already burnt and crushed clay — renders the mass much more dense 
and incapable of cracking in the furnace. Nevertheless, such clay articles (bricks, 
earthenware vessels, <fcc.) are still porous to liquids after being burnt, because the clay 
in the furnace is only baked and does not fuse. In order to obtain articles impervious 
to water the clay must either be mixed with substances which form a glassy mass in the 
furnace, permeating the clay and filling up its pores, or else only the surface of the 
article is covered with such a glassy fusible substance. In the first case tho purest kinds 
of clay give what is known as china, in the second case porcelain or * faience.' So, for 
instance, by covering the surface of clay articles with a layer of Ihe oxides of lead and 
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Clay is the source from which alumina, Al a O„ and the majority of 
the compounds of aluminium are prepared. Among these compounds 
the most important are the alums — that is, the double sulphates of 
potassium (and allied metals) and aluminium, A1K(S0 4 )„1 2fi 2 0. When 
clay is treated with sulphuric acid diluted with a certain amount of 
water, aluminium sulphate, Al a (S0 4 )„ is formed; and if potassium 
carbonate or sulphate be added to this' solution, a double salt or 
alum is obtained in solution. The alums crystallise easily, and are 
prepared on a very large manufacturing scale Owing to their being 
employed in the process of dyeing. Alums are soluble in water, and, 
on the addition of ammonia to their solutions, they give hydrous 
alumina, or aluminium hydroxide, as a white gelatinous precipitate, 
which is insoluble in water but easily soluble in acids, even when dilute, 
aod in aqueous soda or potash. The solubility of alumina in acids 
indicates the basic charaoter of the oxide, and its solubility in alkalis 
and its power of forming compounds with them shows the weakness 
of this basic character. However, the feeblest acids, even carbonic 
acid, take up the alkali from such a solution, and the alumina then 
separates out in a precipitate as the hydroxide. It must also be re- 
membered as characteristic of the salt-forming properties of alumina 
that it does not combine with such feeble acids as carbonic, sulphurous, 
or hypoohlorous, «fcc. — that is, its compounds with these acids are 
decomposed by water. It is also important to observe that the 
hydroxide is not soluble in aqueous ammonia. 

Alumina, Al 8 O a — that is, the anhydrous aluminium oxide— is 
met with in nature, sometimes in a somewhat pure state, having 
crystallised in transparent crystals, which are often coloured by im- 
purities (chromic, cobaltic, and ferric compounds). Such are the ruby 
and sapphire, the former red and the latter blue. They have a specific 
gravity 4*0, are distinguished by their very great hardness, which is 
second only to that of the diamond, and they represent the purest 
form of alumina. They are found in Ceylon and other islands of the 
Indian Archipelago, embedded in a rock matrix. I8bi * Corundum is the 

tin, the well-known white glue is obtained, because the oxides of these metals give a 
white gloss when fused with silica and day. In the preparation of china, fluor spar and 
finely ground silica is mixed up into the clay ; these ingredients give a mass which is 
infusible but softens in the furnace, so that all the particles of the clay cohere in this 
softened mass, which hardens on cooling. A glare composed of glossy substances, which 
only fuse at a high temperature, is also applied to the surface of china articles. 

is bu Fr^my (1890) obtained transparent rubies, which crystallised in rhombohedra, 
and resembled natural rubies in their hardness, colour, sise, and other properties. He 
heated together a mixture of anhydrous alumina containing more or less caustio 
potash, with barium fluoride and bichromate of potassium. The latter is added 
to give the ruby its colour, and is taken in small quantity (not more than 4 parts by 
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same crystallised anhydrous alumina coloured brown by a trace of 
oxide of iron. A very much larger portion of this impurity occurs in 
emery, which is found in crystalline masses in Apia Minor and in 
Massachusetts, and owing to its extreme hardness is employed for 
polishing stones and metals. In this anhydrous and crystalline state 
the aluminium oxide is a substance which very powerfully resists the 
action of reagents, and is insoluble both in solutions of the alkalis 
and in strong acids. It is only capable of passing into solution after 
being fused with alkalis. 19 Alumina may be obtained in this form by 
artificial means if the hydroxide be ignited and then fused in the oxy- 
hydrogen flame. 10 Alumina also occurs in nature in combination with 
water — as, for instance, in the rather rare minerals hydrargUlite 
(sp. gr. 2*3), A1 2 3 ,3H 2 = 2A1(H0) 8 ^ and diaspore, AljO^HaO 
e= 2A10(HO) (sp. gr. 3*4). A less pure hydrate, mixed with ferric 
oxide, sometimes occurs in masses (at Baux in the south of France) and 
is termed bauxite ; it contains A1 2 3 ,2H 2 = Al 2 0(HO) 4 (sp. gr. 2*6). 
When bauxite is ignited with sodium carbonate, carbonic anhydride 
is liberated and the alumina then combines with the sodium oxide, 
forming a saline aluroinate of the oxides of aluminium and sodium. 
This is taken advantage of in practice for the preparation of pure 
alumina compounds on a large scale, for bauxite is found in large 
masses (in the South of France, in Austria, and in Carolina in South 
America), and the resultant compound of alumina and sodium 
is soluble in water and does not contain ferric oxide. This solution 
when subjected to the action of carbonic anhydride gives a precipi- 
tate of aluminium hydroxide,* 1 which with acids forms aluminium 

weight to 100 parte of alumina). The mixture is put into a clay crucible, and heated 
(for from 100 hours to 8 days) in a reverberatory furnace at a temperature approaching 
1,600°. At the end of the experiment the crucible was found to contain a crystal* 
line mass, and the walls were covered with crystals of the ruby of a beautiful rose colour. 
It was found that the access of moist air was indispensable for the reaction. According 
to Fre*my, the formation of the ruby may be here explained by the formation of fluoride 
of aluminium which under the action of the moist air at the high temperature of the 
furnace gives the ruby and hydrofluoric acid gas. 

19 The effects of purely mechanical subdivision on the solubility of alumina are evident 
from the fact that native anhydrous alumina, when converted into an exceedingly fine 
powder by means of levigation, dissolves in a mixture of strong sulphuric acid and a small 
quantity of water, especially when heated in a closed tube at 200°, or when fused with 
acid sulphate of potassium (nee Chapter XIII., Note 9). 

*> The preparation of crystallised alumina is given on p. 65, and in Note 18 bis. When 
alumina, moistened with a solution of cobalt salt, is ignited, it forms a blue mass called 
Thcnard's salt. This coloration is taken advantage of not only in the arts, but also for 
distinguishing alumina from other earthy substances resembliog it. 

tl The treatment of bauxite is carried on on a large scale, chiefly in order to obtain 
alumina from alkaline solutions, free from ferric oxide, because in dyeing it is necessary 
to have salts of aluminium which do not contain iron. But this end, it would seem, may 
also be obtained by igniting alumina containing ferric oxide in a stream of chlorine mixed 
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salts. If aqueous ammonia be added to a solution of aluminium 
sulphate a gelatinous precipitate is formed, which at first remains 
suspended in the liquid and then on settling forms a gelatinous mass, 
which itself indicates the colloidal property of aluminium hydroxide. 
The following points are characteristic of this colloidal state * (ljin an 
anhydrous state such a colloidal substance is insoluble in water, as 
alumina is ; (2) in the hydrated state, it is gelatinous and insoluble in 
water ; and (3) it is also capable of existing in solutions, from whioh 
it separates out in a non-crystalline state, forming a substance re- 
sembling glue. These different states of colloids were distinguished by 
Graham, who gave them the following very characteristic names. He 
called the gelatinous form of the hydrate hydrogel, i.e. a gelatinous 
hydrate, and the soluble form of the aqueous compound, hydrosol, 
from the Latin for a soluble hydrate. Alumina readily and frequently 
assumes these states. The gelatinous hydrate of alumina is its 
hydrogel. It is, as has been already mentioned, insoluble in water, 
And, like all similar hydrogels, shows not the faintest sign of crystal- 
lisation ; it is apt to vary in many of its properties with the amount of 
water it contains, and loses its water on ignition, leaving a white 
powder of the anhydrous oxide; The hydrogel of alumina is soluble 
both in acids and alkalis. It may also be obtained by the evaporation 
of its solutions in such feebly energetic acids as volatile acetic acid. 
These properties are very frequently made use of in the arts, and 
especially in the processes of dyeing*, because the hydrogel of alumina 
in precipitating attracts a number of colouring matters from their 
solutions, the precipitate being thus coloured by the dyes attracted." 

with hydrocarbon vapours, m ferric chloride then volatilise!. K. Bayer observed thai in 
the treatment of bauxite with soda, about 4 molecules of sodium hydroxide pass into 
solution to 1 molecule of alumina, and that on agitating this solution . (especially in the 
presence of some already precipitated aluminium hydroxide), about two-thirds of the 
alumina is precipitated* so that only 1 molecule of alumina to 19 molecules of sodium 
hydroxide remains in solution. This solution Js evaporated directly, and used again. 
He therefore treats bauxite directly with a solution of NaHO at 170° in a dosed 
boiler, and on cooling adds hydrated alumina to the resultant solution. The greater pert 
of the dissolved alumina then precipitates on this hydrated alumina, and the solution it 
used over again. The hydroxide whioh separatee from the alkaline solution contains 
Al(OH) s . All these properties bear a great resemblance to those of borio acid. It may 
be taken for granted that the relation between sodium hydroxide and alumina in solution 
varies with the mass of water. 

If lime be added to a solution of alumina in alkali (sodium aluminate) calcium 
aluminate is precipitated, from whioh acids first extract the lime, leaving aluminium 
hydroxide, which is easily soluble in aoids (Loewig). When sodium aluminate is mixed 
with a solution of sodium bicarbonate, a double carbonate of the alkali and aluminium 
is precipitated, which is easily soluble in acids. 

n These coloured precipitates of alumina are termed laket, and are employed in dye- 
ing tissues and in the formation of various pigments—such as pastels, oil colours, to. 
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The preparation of fixed dyes and the employment of aluminous 
compounds (mordants) in the processes of dyeing are founded on this 
fact, 23 When precipitated upon the fibres of tissues (calicoes, linens, 
Ac.) the aluminium hydroxide renders them impermeable to water; 

Thus, if organic colouring matters, such as logwood, madder, &o. t are added to a eolation 
of any aluminium salt, and then an alkali is added, so that alumina may be precipitated, 
these pigments, which are by themselves soluble in water, will come down with the pre- 
cipitate. This shows that alumina is able to combine with the colouring matter, and thai 
this compound is not decomposed by water. The dyes then become insoluble in water. If 
a dye be mixed with starch paste and aluminium acetate, and then, by means of 
engraved blocks having a design in relief, we transfer this mixture to a fabric which is 
then heated, the aluminium acetate will leave the hydrogel of alumina which binds the 
colouring matter, and water will no longer be able to wash the pigment from the material 
— that is, a so-called • fixed ' dye is obtained. In the case of dyeing a fabric a uniform 
tint, it is first soaked in a solution of aluminium acetate and then dried, by which 
means the acetic acid is driven off, while the hydrogel of alumina ndheres to the fibres of 
the material. If the latter be then passed through a solution of a dye in water, the 
former will be attracted to the portions oovered with alumina, and closely adhere to them. 
If certain parts of the material be protected by the application of an acid, such as tartaric, 
C|H«0 6 , oxalic, citric, Ac. (these acids being non- volatile), the alumina will be dissolved 
in those parts, and the pigment will not adhere, so that after washing, a white design 
will be obtained on those parts which have been so protected. 

In dye-works the aluminium acetate is generally obtained in solution by taking a 
solution of slum, and mixing it with a solution of lead acetate. In this case lead 
sulphate is precipitated and aluminium acetate remains in solution, together with either 
acetate or sulphate of potassium, according to the-amount of acetate of lead first taken, 
The complete decomposition will be as follows: EAl(8O 4 ) s + 2Pb(C 3 H 3 O 9 ) 9 <=KC 9 H 8 0t 
+ Al(C^H 3 2 ) 3 +2PbS04, or the less complete decomposition, 2KAl(SO 4 )2+8Pb(C 9 H s 9 )t 
-2Al(C 2 H 3 2 )3 + K a S04+8Pb90 4 . If the resultant solution of aluminium acetate be 
evaporated or further boiled, the acetic acid passes off and the hydrogel of alumina 
remains. 

As the salt of potassium obtained in the solution passes away with the water used 
for washing, and the salt of lead precipitated has no practical use, this method for the 
preparation of aluminium acetate cannot be considered economical; it is retained in the 
process of dyeing mainly because both the salts employed, alum and sugar of lead, easily 
crystallise, and it is easy to judge of their degree of purity in this form. Indeed, it is 
very important to employ pure reagents in dyeing, because if impurity is present— sucji 
as a small quantity of an iron oompound — the tint of the dye changes ; thus madders give 
a red colour with alumina, but if oxide of iron be present the red changes into a violet 
tint The aluminium hydroxide is soluble in alkalis, whilst ferric oxide is not. There- 
fore sodium aluminate — that is, the dissolved compound of alumina and caustic soda- 
obtained, as already described, from bauxite, is sometimes employed in dyeing. Every 
aluminium salt gives a solution containing sodium aluminate free from iron, when it is 
mixed with excess of caustic soda. This solution, when mixed with a solution of 
ammonium chloride, gives a precipitate of the hydrogel of alumina : Al(OH) 3 +8NaHO 
+ 8NH 4 Cl«A](OH) 3 +8NaCI + 8NH 4 OH. There was originally free soda, and on the 
addition of sal-ammoniac there is free ammonia, and this does not dissolve alumina, 
therefore the hydrogel of the latter is precipitated. 

« Another direct method for the preparation of pore aluminium compounds consists in 
the treatment of cryolite containing aluminium fluoride together with sodium fluoride, 
AlN&jFg. This mineral is exported from Greenland, and is also found in the Urals. II 
Is crushed and heated in reverberatory furnaces with lime, and the resultant mass is 
treated with water ; sodium aluminate is then obtained in solution, and calcium fluoride 
in the precipitate AlNa 3 F« + 8CaO «= 8CaF a + AlNagO,. 
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this mav be taken advantage of for the preparation of waterproof 
tissues. 

The hydrosol of alumina — i.e. the soluble aluminium hydroxide— is 
more difficult to obtain. 24 In order to obtain this soluble variety of 
alumina, Graham took a solution of its hydrogel in hydrochloric acid— 
that is, a solution of aluminium chloride, which is able to dissolve a 
still further quantity of the hydrogel of alumina, forming a basic salt 
having probably one of the compositions Al(HO)Cl a or Al(HO) 2 Cl. 
When such a solution, considerably diluted with water, is subjected to 
dialysis — that is, to diffusion through a membrane M — the hydrochloric 
acid diffuses through the membrane and leaves the alumina in the 
form of hydrosol. The resultant solution, even when only containing 
two or three per cent of alumina, passes into the hydrogel state with 
such facility that it is sufficient to transfer it from one vessel to 
another which has not been previously washed with water, for the 
entire mass to solidify into a jelly. But a solution containing not 
more than one-half per cent, of alumina may even be boiled without 
coagulating ; however, after the lapse of several days this solution will 
of its own accord yield the hydrogel of alumina. 9 * Wt 

* • Crura first prepared a solution of basic acetate of alumina — that is, a salt containing 
as large as possible an excess of aluminium hydroxide with as small as possible a quantity 
of aoetio acid. The solution must be dilute — that is, not. contain more than one part of 
alumina per 800 of water— and if this solution be heated in a closed vessel (so that the 
acetic acid cannot eraporate) to the boiling point of water, for one and a half to two days, 
then the solution, which apparently remains unaltered, loses its original astringent taste, 
proper to solutions of all the salts of alumina, and has instead the purely acid taste of 
vinegar. The solution then no longer contains the salt, but acetic acid and the hydrosol 
of alumina in an unoombined state ; they may be isolated from each bther by evaporat- 
ing the aoetio acid in shallow vessels at the ordinary temperature, and with a thin layer 
of liquid the alumina does not separate as a precipitate. When the acid vapours cease to 
come off there remains a solution of the hydroeol of alumina, 'which is tasteless and has 
no action on litmus paper. When concentrated, this solution acquires a more and mora 
gluey consistency, and when completely evaporated over a water-bath it leaves a non* 
crystalline glue-like hydrate, whose composition is AljH^O, - Al.|Oj,2H,0. The smallest 
quantity of alkalis, and of many acids and salts, will convert the hydrosol into the 
hydrogel of alumina— that is, convert the aluminium hydroxide from a soluble into an 
Insoluble form, or, as it is said, cause the hydrate to coagulate or gelatinise. The smallest 
amount of sulphurio add and its salts will cause the alumina to gelatinise—that is, 
•ante the hydrogel to separate. Many such colloidal solutions are known (Vol. L p. 98, 
Note 67). 

» In a dialyser, VoL I. p. 68, Note 18. 

•* *• The different states in which the hydrates of alumina occur and are prepared 
rtmmhlci similar varieties of the hydrates of the oxides of iron and chromium, of molybdio 
and tungstio acids, as well as of phosphoric and silicic acids, of many sulphides, proteid 
substances, &c We shall therefore have occasion to recur to this subject in the further 
course of tins work. 

The most remarkable peculiarity of Graham's solution is that it solidifies on litmus 
paper, and leaves a blue ring on it, which shows the alkaline— that is, basic— character 
of the alumina in such a solution. If in the dialysis the basio hydrochloric acid salt. 
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With respect to alumina as a base, it is very important to observe 
that it is not only capable of combining with other bases * 6 but that 
it does not give salts with feeble volatile acids (tike carbonic and 
hypochlorous) ; it forms salts which are easily decomposed by water, 
especially when heated,* 7 as well as double and basic salts, 28 so thai it 
forms a clear example of a feeble base.** To these characteristics of 
alumina we must add that it not only gives compounds of the type 
A1X 3 , but also the polymeric type AlgXg, even when X is a simple 
univalent haloid like chlorine. Deville and Troost showed (1857) 
that the vapour density of aluminium chloride (at about 400°) is 9*37 
with respect to air — that is, nearly 135 with respect to hydrogen, and 
therefore the formula of its molecule is expressed by A1 S C1 6 , and 
not AICI3, 30 although in the case of boron, arsenic, and antimony, 

be replaced by a similar acetio acid salt, a hydrosol of alumina is obtained which does 
not act upon litmus. 

M Compounds of alumina with bases (aluminates, $ee Note 21) are sometimes met 
with in nature. 8uch are spinel ($ee p. 65), MgO,AL,Oj * MgAl?0 4 , chrysobery), 
BeAlfO^ and others. Magnetic oxide of iron, FeOjFeaOj-PejO^ and compounds like 
it, belong to the same class. Here we evidently have a case of combination * by analogy,' 
as in solutions and alloys, accompanied by the formation of strictly definite saline com* 
pounds, and such instances form a clear transition from so-called solutions and certain 
mixtures to the type of true salts. 

17 Not only aluminium acetate (Note 24), but also every other aluminium salt with a 
volatile acid, parts with its acid' on heating an aqueous solution— that is, is decomposed 
by water, and forms either basic salts or a hydrate of alumina. By dissolving 
aluminium hydroxide in nitric acid we may easily obtain a well-crystallising aluminium 
nitrate, Al(N0 5 ) 3 ,9ajO, which fuses at 76° without decomposing (Ordway), gives a 
baslo salt, SA^O^SHNOj, at 100°, and at 140° leaves the aluminium hydroxide perfectly 
free from the elements of nitric acid. But the solutions of this salt, like those of the 
acetate, are also able to yield aluminium hydroxide. From all this it is evident that 
we must suppose that the solutions of this and similar salts contain an equilibrated 
dissociated system, containing the salt, the acid, and the base, and their compounds with 
water, as well a» partly the molecules of water itself. Such examples much more 
clearly confirm those conceptions of solutions which are given in the first chapter than a 
general preliminary acquaintance with the subject can do. 

t As an example of native basic salts we may cite alunite, or alum* stone (sp. gr 9*6), 
which sometimes occurs in crystals, but more frequently in fibrous masses. It has been 
found in masses in the Caucasus (at Zaglik, forty vents distance from Elisabetpol), and 
at Tolfa, near Borne. Its composition is K a O^Al 9 Os l 4SO.v6H 3 (alunite contains 9H/>). 
It is soluble in water but not decomposed by it, but after being slightly ignited it gives 
up alum to it It may be artificially prepared by heating a mixture of alum with alumi- 
nium sulphate in a closed tube at 880° 

» As the colloidal properties are particularly sharply developed in those oxides 
(AljOs, SiO* MoOj, 8nOt, &c.) which show (like water also) the properties of feeble basse 
and feeble acids, there is probably some causal reason for this coincidence, all the more 
eo since among organic substances— gelatins, albumins, dec. — the representatives of the 
colloids also have the property of feebly combining with bases and acids. 

*° Since Devflle's experiments the question of the density of aluminium chloride has 
been frequently re-investigated. The subject has more especially occupied the attention 
of Nilson, Pettersson, Friedel and Crafts, and V. Meyer and his collaborators. In general, 
it has been found that at low temperatures (up to 440°) the density is constant, and 
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which give oxides R s O s of the same composition as A1 3 0„ the 
chlorine compounds form non-polymeric molecules, BC1„ AsCl 39 
Indicates a molecule Al^Cl*; whilst depolymerisetion probably (although it is not yet 
certain) takes place at higher temperatures, and the molecule AICI3 is obtained. Along 
with this there has been, and still is, a difference of opinion as to the vapour density of 
aluminium ethyl and methyl — whether for instance, Al(CHj)s or Al^CH,)^ expresses the 
molecule of the latter. The interest of these researches is intimately connected with the 
question of the valency of aluminium, if we hold to the opinion that elements in their 
various compounds have a constant and strictly definite valency. In this case the 
' formula AICI3 or AlCCH^j would show that Al is trivalent, and that consequently the 
compounds of aluminium are Al(OH) s , AIO3AJ, and, in general, A1X 3 . But if the mole- 
cule be Al a Cl<j, it is— for the followers of the doctrine of the invariable valency of the 
•laments — incompatible with the idea of the trivalency of aluminium, and they assume 
it to be quadrivalent like carbon, likening Al^Cl* to ethane C|H^»CH.,CH 3) although 
this does not explain why Al does not form AICL4, or, in general, AIX4. In this work 
another supposition is introduced ; according to this, although aluminium, as an element 
of group m., gives compounds of the type A,1X 5 , this does not exclude the possibility of 
these molecules combining with others, and consequently with each other— that is, 
forming AljX*; just as the molecules Of univalent elements exist either as H 2 , Cl a , Arc, 
or as Na, and the molecules of bivalent elements either as Zn, or as 9?, or even S . In 
the first place it must be recognised that the limiting form does not exhaust all power of 
combination, it only exhausts the capacity of the element for combining with X's, but 
the saturated substance may afterwards combine with whole molecules, which fact is 
best proved by the capacity of substances to form crystalline compounds with water, 
ammonia, Ac But in some substances this faculty for further combinations is less 
developed (for instance, in carbon tetrachloride, CCI4), whilst in others it is more so. 
AlXs combines with many other molecules. Now if a limiting form, which does not 
combine with new X's, nevertheless combines with other whole molecules, it will 
naturally in some instances combine with itself, will polymerise. In this manner the 
mind clearly grasps the idea that the same forces which cause 89 to unite itself to CI* 
or C»H« to CI* &&, also unite molecules of a similar kind together ; thus polymerisation 
ceases to be an isolated fragmentary phenomenon, and chemical combinations 'by 
analogy ' acquire a particular and important interest. In conformity with these views 
the following proposition may be made concerning the compounds of aluminium. They 
are of the type* A1X 3 in the limit, like BX 5 , but those limiting forms are still able to 
00m bine to form A1X*RZ, and the aluminium chloride is a compound of this kind— t\e. 
(AIX*)* In boron, for example, in BClj, this tendency to form further compounds it 
less developed. Hence boron chloride appears as BCI3, and not (BCls)* polymerisa- 
tion is not only possible when a substance has not attained the limit (although it is more 
probable then), but also when the limiting form has been reached, if only the latter has 
the faculty of combining with other whole molecules. We may therefore conclude that 
aluminium, like boron, is trivalent in the same sense that lithium and sodium are 
univalent, magnesium bivalent, and carbon tetravalent. In a word, there is no reason 
to consider that alu minium is capable of forming compounds AIX4, and in that way to 
explain the existence of the molecule AlfCl«. Furthermore, there are many reasons for 
siiiwHng that AlFj, Al 3 O s , and other empirical formulas do not express the molecular 
weights of these compounds, but that they are much higher: AUFj*, AlytOja. In 
recent years convincing proofs of the truth of the above statements have been obtained, 
and of the independent existence of A1X 5 in a state of vapour ; for Comb has deter- 
mined the vapour density of the volatile acetyl of aluminium acetate A1(C 5 H 7 8 )3 
<which melts at 198°, boils at 815°, and distils without a trace of decomposition), and has 
found that it exactly corresponds to the above molecular composition. On the other hand, 
Louise and Boux (1689) by employing the method of * treesing point depression ' of 
solutions (Chapter L, Note 49) found that the molecules Al^CfH&Je *" d Al*(CftH u ), ( 
ftc, correspond to the type AljX«. Thus it may now be accepted that the molecular 
composition of the compounds of aluminium in their simplest form it A1X& but that 
they may polymerise and give A1*X« or, in general, AlfXj.. 
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Sb01 3 . 81 This duplication (polymerisation) of the form A1X S is con- 
nected with the facility with which the salts of aluminium combine 
with other salts to form double salts and with aluminium hydroxide 
itself to form basic salts. 

Aluminium sulphate, A1 S (S0 4 ) 8 , which is obtained by treating clay 
or the hydrates of alumina with sulphuric acid, crystallises in the cold 
with 27H 9 0, or at the ordinary temperature in pearly crystals, which 
are greasy to the touch and contain 16H a O." Its solutions act like sul- 
phuric acid — for instance, they evolve hydrogen with zinc, forming 
basic salts, which are sometimes met with in nature (aluminite^ 
AljO„80 3 ,9HjO, alumiane, Al 5 3 ,2SO a , and others), and may be ob- 
tained by the decomposition of normal salts and by the direct solution of 
the hydroxide in normal salts * these exhibit a varying composition, 
(Al 3 3 ) A (SD,) m (H a O) ( , where mfn is less than 3. Aluminium sulphate 
is now prepared (from the pure hydrate obtained from bauxite, Note 
21) in large quantities for dyeing purposes (instead of alums) as a 
mordant. With solutions of the alkali sulphates (potassium, sodium, 
ammonium, rubidium, and caesium sulphates), the normal salt easily 
forms double salts, termed alums — for example, the ordinary crystalline 
alumcontains KAl(S0 4 ) 2 ,12H a O, or K 2 S0 4 ,Al,(S0 4 ) 3 ,24HjO. In the 
ammonium alums (which leave a residue of alumina when ignited) 
the potassium is replaced by ammonium (NH 4 ). Alums are used 
in large quantities, because there is scarcely any other salt which 
crystallises so easily. In this respect the alums formed by potassium 
and ammonium are equally convenient to purify, because they pre- 
sent a considerable difference in their solubility at the ordinary 
and higher temperatures. If the crystallisation be conducted rapidly, 
the salt separates in minute crystals, but if it be slowly deposited, 
especially in large masses, as in factories, then crystals several centimetres 
long are sometimes obtained. At a higher temperature alums are very 
much more soluble, and crystallise with greater difficulty, and are there- 
fore less easily freed from impurities ; at 0° 100 parts of water dissolve 
3 parts, at 30° 22 parts, at 70° 90 parts, and at 100° 357 parts of 
potassium alum. 81 The solubility of ammonium alum is slightly less. 

** In the case of gallium, as a close analogue of aluminium, Lecoq de Boisbaudran 
(1880) showed that probably the molecule gallium chloride contains Ga a Cl« at low tem- 
peratures and high pressures, and that it dissociates into GaCl s at high temperatures and 
low pressures. The molecule of indium chloride seems to exist only in the simplest l'orm, 
InCl 8 . 

n The pure salt (16H?0) is not hygroscopic. In the presence of impurities the 
amount of water increases to 18H.,0, and the salt becomes hygroscopic. 

M The common form of crystals of alums is octahedral, but if this solution contains a 
certain small excess of alumina above the ratio 2Al(OHg) to K2SO4, and not more sulphuric 
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The specific gravity of potassium alum is 1*74, of ammonium alum 
1*63, and of sodium alum 1*60. Alums easily part with their water of 
crystallisation ; thus potash alum partially effloresces when exposed to 
the air, and loses 9 mol. H a O under the receiver of an air-pump. At 
100°, dry air passed over alums takes up nearly all their water. As 
we have already mentioned (Chapter XV.), the law of isomorphous sub- 
stitutions exhibits itself more clearly in the alums than in any other 
salts, and all alums not only contain the same amount of water of 
crystallisation, MR(80 4 ) a 12H,b (where M = K, NH 4 , Na ; R « Al, 
Fe, Cr), and appear in crystals whose planes are inclined at equal 
angles, but they also give every possible kind of isomorphous mixture. 
The aluminium in .them is easily replaced by iron, chromium, indium 
and sometimes by other metals, whilst the potassium may be sub- 
stituted by sodium, rubidium, ammonium, and thallium, and the 
sulphuric acid may be replaced by selenio and chromic acids. 

Aluminium chloride, A1 9 C1 6 , is obtained, like other similar chlorides, 
(for instance MgCl,) either directly from chlorine and the metal, or by heat- 
ing to redness an intimate mixture of the amorphous anhydrous oxide and 
charooal in a stream of dry chlorine. 18 bU The resultant sublimate is very 
volatile, 84 and forms a crystalline, easily fusible mass, which deliquesces 
in the air and easily dissolves in water, with the evolution of a large 

acid than 8H 9 S0 4 to 2Al(OH) Sl then it easily forms combinations of the cube and octa- 
hedron, and these alums are called ' cubic ' alums. They are valued by the dyer because 
they can contain no iron in solution, for oxide of iron is precipitated before alumina, and 
if the latter be in excess there can be no oxide of iron present. These alums were long 
exported from Italy, where they were prepared from alunite (Note 98). 

a bto It is also formed by the aotion of hydroohlorio acid upon metallio aluminium 
(Nilson and Pettersson), by heating alumina in a mixture of the vapours of naphthaline 
and HC1 (Faure, 1869), and by the action of dry HC1 upon an alloy of 14 p.c, or more 
of Al and copper (Mobery). 

•* Aluminium ohloride fuses at 178°, boils at 188° (pressure 755 mm., at 168° under a 
pressure of 250 mm., and at 218° under 2,278 mm.), according to Friedel and Crafts, so 
that it boils immediately after fusion. According to Seuberi and Pallord (1892), Al^Cl* 
fuses at 198°. Aluminium bromide fuses at about 92°, and the iodide at 185° aocording to 
Weber, at 125° according to Deville and Troost. 

All these halogen oompounds of aluminium are soluble in water. Aluminium 
fluoride, A1F 5 (AUFjn), is insoluble in water. It is obtained by dissolving alumina in 
hydrofluoric acid ; a solution is then formed, but it contains an excess of hydrofluorio 
acid. When this solution is evaporated, crystals containing Al a F«,HF,H 8 are obtained. 
They are also insoluble in water. By saturating the above solution with a large quantity 
of alumina, and then evaporating, we obtain crystals having the composition Al a F tt ,7H 8 0. 
All these oompounds, when ignited, leave insoluble anhydrous aluminium fluoride. It 
forms colourless rhombohedra, which are non-volatile, of sp. gr. 8*1, and are decomposed 
by steam into alumina and hydrofluorio acid. The acid solution apparently contains a 
oompound whioh has its corresponding salts ; by the addition of a solution of potassium 
fluoride, a gelatinous precipitate of AlK s F e is obtained. A similar oompound occurs la 
nature— namely, AlNajF* or oryolit$ % sp. gr. 8*0. 
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amount of heat 34 bU On evaporating this solution, hydrochloric acid 
and aluminium hydroxide are liberated. But if the solution be 
heated in a closed tube, with an excess of hydrochloric acid, then, on 
cooling, crystals of A1C1 3 ,6H S are obtained — that is, aluminium 
chloride both combines with water and is decomposed by it. And the 
faculty of the type AIX 8 for combining with other molecules is seen in 
the compounds of A1C1 3 with many other chlorine compounds. Thus, 
for example, a mixture of aluminium chloride with sulphur tetrachloride 
gives A1,C1 6 ,8C1 4 , under the action of chlorine, whilst with phosphorus 
pentachloride it forms A1C1 3 ,PC1 5 ; it also combines with NOC1. Thus; 
the compounds A1C1 8 ,N0C1, A101 3 ,POCl„ A1C1 8 ,3NH„ A1C1„KC1, 
AlCl 3 ,NaCl are known. 85 The compound of aluminium and sodium 
chlorides, AlNaCl 4 , is very fusible aud much more stable in the air 
than aluminium chloride itself. It seems to be of the same type as 
the alums. This compound, AlNaCl 4 , is employed in the extraction 
of metallic aluminium, as we shall presently proceed to describe. 

w bb in this respect aluminium chloride resembles the chlor-anhydrides.of the acids, 
and probably in the aqueous solution the elements of the hydrochloric acid are already 
separated, at least partially, from the aluminium hydroxide. The solution may also be 
obtained by the action of aluminium hydroxide on hydrochloric acid. 

** Here we see an instance in confirmation of what has been said in Note 80— 1.«. the 
action of the molecule A1C1 S . We wilt cite still another instance confirming the power 
of alumina to enter into complex combinations. Alumina, moistened with a solution of 
•calcium chloride, gives, when ignited, an anhydrous crystalline substance (tetrahedral), 
which is soluble in adds, and contains (Al 4 O 3 ) (CaO) 10 CaCl t . Even clay forms a similar 
-stony substance, which might be of practical use. 

Among the most complex compounds of aluminium, ultramarine, or lapii laguU, 
must be mentioned. It occurs in nature near Lake Baikal, in crystals, some colourless 
and others of various tints — green, blue, and violet When heated it becomes dull and 
acquires a very brilliant blue colour. In this form it is used for ornaments (like mala- 
chite), and as a brilliant blue pigment. At the present time ultramarine is prepared 
artificially in large quantities, and this process is one of the most important conquests 
of science; for the blue tint of ultramarine has been the object of many scientific 
researches, which have culminated in the manufacture of this native substance. The 
most characteristic property of ultramarine is that when placed in sulphuric acid it 
evolves hydrogen sulphide and becomes colourless. This shows that the blue colour of 
ultramarine is due to the presence of sulphides. If clay be heated in a furnace with 
sodium sulphate and oharcoal (forming sodium sulphide) without access of air, a white 
mass is obtained, which becomes green when heated in the air, and when treated with 
water leaves a colourless substance known as • white ultramarine.' When ignited in the 
air it absorbs oxygen and turns blue. The coloration is ascribed to the presence of 
metallic sulphides or polysulphides, but it is most probable that silicon sulphide, or its 
oxysulphide, SiOS, is present. At all events the sulphides play an important part, but 
the problem is not yet quite settled. The formula NogAlflSieO^S is ascribed to white 
ultramarine. The green probably contains more sulphur, and the blue a still larger 
quantity. The last is supposed to contain NagAl 6 Si 6 24 S 5 . It is more probable 
(according to Guckelberger, 1882) that the composition of the blue varies between 
8i| $ Al| H Naao8 d 7 i and Si^wNaaoSeO^ The latter may be expressed as 
(Al 3 O 5 ) e (SiOa) 1 s(Na 1 O)i SeO», which would indicate the presence of insufficiently- 
oxidised sulphur in ultramarine. 
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Aluminium bromide, which is obtained by the direct combination of 
metallic aluminium with bromine, closely resembles the chloride ; it 
melts at 90°, volatilises at 270°, and its vapour density indicates the 
formula A.l 2 Br 6 . Aluminium iodide is obtained by heating iodine with 
finely divided aluminium in a closed tube ; it is so easily decomposed 
by oxygen that its vapour even explodes when mixed with it. 3(i 

Metallic Aluminium was first prepared by Wtthler in 1822 as 
a grey powder by the action of potassium on aluminium chloride. 
He afterwards (in 1845) obtained it as a white compact metal, 
uuoxidisable in the air, and only slowly attacked by acids. Owing 
to the vast and wide occurrence of clay, many efforts have been made 
in investigating in detail the methods for the extraction of this metal. 
These efforts were brought to a successful issue (1854) by Sainte-Claire 
Deville, who is also renowned for bis doctrine of dissociation. Experi- 
ments on a large scale have proved that metallic aluminium, although 
possessed of great lightness, strength, and durability, is not so generally 
suitable for technical purposes as was at first thought. Nitric and many 
other acids, indeed, do not act on it, but the alkalis, alkaline substances, 
and even salts — for instance, moist table salt —humidity, <fec., M bU tarnish 
it, and hence objects made of aluminium suffer at the surfaces, alter,, 
and cannot, as was hoped, replace the precious metals, from which it 
differs in its extreme lightness. But the alloys made with aluminium 
(especially with copper, for example aluminium bronze) are very 
valuable in their properties and applications. 

The Deville method for the preparation of metallic aluminium is 

86 At the ordinary temperature aluminium does not decompoae water, bnt if a small 
quantity of iodine, or of hydriodic acid and iodine, or of aluminium iodide and iodine, ia 
added to the water, then hydrogen it abundantly evolved. It it evident that here the> 
reaction proceeds at the expense of the formation of AL,I«, and- that this substance, witfc 
water, gives aluminium hydroxide and hydriodio acid, which, with aluminium, evolves 
hydrogen. Aluminium probably belongs to those metals having a greater affinity for 
oxygen than for the halogens (Note 86 tri). 

*• bto As an example we may mention that if mercury comes in contact with metallic 
aluminium and especially if it be rubbed upon the surface of aluminium moistened with 
a dilute acid, the Al becomes rapidly oxidised (AI9O5 being formed). The oxidation ie 
accompanied by* a very curious appearance, as it ware of wool (or fur) formed by threads 
of oxide of aluminium growing upon the metal This was first pointed out by Cass in 
1870, and subsequently by A. Sokoleff in 1892. This interesting and curious pheno-' 
menon has not to my knowledge been further studied. 

I think it necessary, however, to add that according to Lubbert and Bascher*a 
researches (1891), wine, coffee, milk, oil, urine, earth, &c, have no more action upon alu- 
minium vessels than upon oopper, tin, and other similar article*. In the course of four 
months ordinary vinegar dissolved 0*85 grm. of Al per sq. centimetre, whilst a 5 per cent, 
solution of common salt dissolved about 005 grm. of aluminium. Ditte (1890) 
showed that Al is acted upon by nitric and sulphuric acids, although only slowly (owing to 
the formation of a layer of gas, as in Chapter XVI., Note 10) and that the reaction pro- 
ceeds much more rapidly in vacuo or in the presence of oxidising agents. Al is even 
fwidiflH by water on the surface, but the thin coating of alumina formed prevents 
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based on the decomposition of the above-mentioned compound of 
sodium and aluminium chlorides by metallic sodium. The compound 
is obtained by passing the vapour of aluminium chloride (evolved from 
a mixture of alumina, extracted from bauxite or cryolite, with 
charcoal ignited in a stream of chlorine) over red-hot salt, when the 
compound AlNaCl 4 is itself volatilised, and may in this manner be 
obtained pure. A mixture of this compound with salt and fluor spar, 
or with cryolite, is heated with a certain excess of sodium, cut into 
small lumps. On a large scale this operation is carried on in special 
furnaces with a small access of air and at a high temperature. The de- 
composition takes place chiefly according to the equation NaAlCl 4 + 3Na 
= 4NaCl + Al. Neither charcoal nor zinc will reduce the oxygen 
compounds of aluminium ; even sodium and potassium do not act on 
alumina. Moreover, metallic aluminium, like magnesium, is able to 
reduce even the metals of the alkalis from their oxygen compounds. 
This is connected with the fact that the atom of oxygen evolves 
more heat in combining with Al (and Mg) than it does in combining with 
other metals : whilst on the other hand, chlorine (and the other halo- 
gens) evolve more heat in combining with the metals of the alkalis. 86tri 
Since the close of the eighties the metallurgy of aluminium has 
taken a new direction, based upon the action of an electric current 
upon cryolite at a high temperature, 37 and the solution of oxide of 
aluminium (obtained from bauxite or in the form of corundum) in 
it ; under these conditions metallic aluminium is reduced at the 
negative pole (cathode) in a sufficiently pure state, and if the cathode 
be copper, forms alloys with it. Such are Hall's and Cowle's (both in 
the United States) and the Neuhausen process (where the current is 
obtained from a dynamo worked by the Falls of the Rhine at Schaff- 

farther action. In the course of twelve hoars nitric acid sp. gr. 1388 dissolved at 17° 
about 80 grms. of aluminium (containing only a small amount of 8i, 1 — \ jus.) from a sq. 
metre of surface (Le Rouart, 1891). 

m tri in addition to the data given in Chapters XL, XIIL, and in Chapter XV., Note 19, 
the following are the amounts of heat in thousands of units, evolved in the formation of 
tbe oxides and chlorides from the metals taken in gram-atomic quantities : 

NajO 100 ; MgO 140* ; 4. Alj0 5 120 # ; k Fe^) 5 «3 # I 
NajCla 195 ; MgCL, 151 ; i A1*C1< 107 ; } Fe,Cl« 64. 

The asterisks following the oxides of Mg, Al and Fe call attention to the fact that the 
I existing data refer to the formation of the hydrates of these metals, from which the heat 
of formation of the anhydrous oxides may easily be assumed, because the heat of 
hydration (for example, MgO + H^O) has not yet been determined. 

37 Cryolite under the action of the current at about 1,000° gives off the vapour of Na 
which reduces the Al, but it recombineswith the liberated fluorine and again passes into 
the fused mass. It is important to obtain aluminium at as low a temperature as possible* 
but tho action proceeds far more easily with the solution (alloy) of oxide of aluminium in 
cryolite. 
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hausen). As an example, we will describe (in the words of Prof. D. P. 
Konovalloff, who became acquainted with this process at the Chicago 
Exhibition), Hall's process as applied near Pittsburg, where it gives 
about 1,500 kilos of Al a day. An iron box (about 1 metre long and 
I metre wide), provided with a well rammed down charcoal lining, is 
charged with a mixture of cryolite and A1 3 3 (from bauxite), over 
which salt is strewn, and a current of 5,000 amperes at 20 volts is 
passed through the mixture. The anode is composed of a carbon cylinder 
(about 9 cm. in diameter), while the charcoal lining forms the cathode. 
When the temperature inside the box is raised to a red heat by the 
current, the mixture fuses and the Al a 3 begins to decompose. The 
Al liberated collects at the bottom of the box, whilst the oxygen 
6volved burns the charcoal anode. When the decomposition is at 
an end, and the resistance of the mass increases, a fresh quantity of 
AljOj is added, and this is continued until the amount of impurities 
accumulated in the furnace and passing into the metal becomes too 
great. 87 «• 

Aluminium has a white colour resembling that of tin — that is, it is 
greyer than silver and has the feebly dull lustre of tin, but compared to 
tin and pure silver, aluminium is very hard. Its density is 2*67 — that 
is, it is nearly four tiroes lighter than silver and three times lighter 
than copper. It melts at an incipient red heat (600°), and in so doing 
is but slightly oxidised At the ordinary temperature it does not alter 
in the air, and in a compact mass it burns with great difficulty at a 
white heat, but in thin sheets, into which it may be rolled, or as a very 
fine wire, it burns with a brilliant white light, since it forms an in- 
fusible and non-volatile oxide. Aluminium itself is non-volatile at a 
furnace heat These properties render Al a very good reducing agent, 
and N. N. Beketoff showed that it reduces the oxides of the alkali 
metals (Chapter XIII., Note 4S bU ). Dilute sulphuric acid has scarcely 
any action on it, but the strong acid dissolves it, especially with the aid 
of heat Nitric acid, dilute or strong, has no action whatever on it On 
the other hand, hydrochloric acid dissolves aluminium with great < 



57 bto The cost of working this process can be brought as low as 90 cents per lb. or 
about 94 fas. per kilo. In England, Castner, prior to the introduction of the electric 
method, obtained Al by taking a mixture of 1,200 parts of the double salt NaAlCl*, 600 
parte of cryolite, and* 850 parts of Na, and obtained about 120 parte of Al, so that the' cost 
of this process is about 1} time that of the electric method. 

Bochner foundi that sulphide of aluminium, Al^Sj, is more suitable for the preparation 
of Al by the electrolytic method than Al-jOj, but since the formation of Al 2 8 s by heating 
a mixture of Al^Og and charcoal in sulphur vapour procoeds with difficulty, Gray (1804) 
proposed to prepare Alf8 s by heating a mixture of charcoal, sulphate of aluminium, and 
sodium fluoride. The resultant molten mixture of NaF and A1 Q 8 S gives aluminium, 
directly under the action of an electric current. 
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as do also solutions of caustic soda and potash. In the latter cases 
hydrogen is evolved. 38 

Aluminium forms alloys with different metals with great ease. 
Among them the copper alloy is of practical use. It is called 
aluminium bronze. This alloy is prepared by dissolving 11 p.c. 
by weight of metallic aluminium in molten copper at a white 
heat. The formation of the alloy is accompanied by the development 
of a considerable quantity of heat, so that it glows to a bright white 
heat. This alloy, which corresponds with the formula AlCu 8 , presents 
an exceedingly homogeneous mass, especially if perfectly pure 
copper be taken. It is distinguished for its capacity to fill up the 
most minute impressions of the mould into which it may be cast, 
and by its extraordinary elasticity and toughness, so that objects cast 
from it may be hammered, drawn, «kc., and at the same time it is fine- 
grained and exceedingly hard, takes an excellent polish, and, what is 
most important, its surface then remains almost unchangeable in the 
air, and has a colour and lustre which may be compared to that of gold 
alloys. Hence aluminium bronze is much used in the arts for making 
spoons, watches, vessels, forks, knives, and for ornaments, <kc. No 
less important is the fact that the admixture of one-thousandth part 
of aluminium with steel renders its castings homogeneous (free from 
cavities) to an extent that could not be arrived at by other means, nor 
does the quality of the steel in any respect deteriorate by this admix- 
ture, but rather is it improved. In a pure state, aluminium is only 
employed for such objects as require the hardness of metals with 
comparative lightness, such as telescopes and various physical appa- 
ratus and small articles. 

According to the periodic system of the elements, the analogues of 
magnesium are zinc, cadmium, and mercury in the second group. So 
also in the third group, to which aluminium belongs, we find its corre- 
sponding analogues gallium, indium, and thallium. They are all three 

58 Aluminium, when heated to the high temperature of the electric furnace, dissolve* 
carbon and forms an alloy which, according to Moissan, when rapidly treated with cold 
hydrochloric acid leave9 a compound C3AI4 in the form of a yellow crystalline trans- 
parent powder, sp. gr. 2 36 (see Chapter VIII. Note 12 bis). This carbide of aluminium 
C3AI4 corresponds to methane CH<, for Al replaces H 3 and carbon 2 or H*, that is, it is 
equal to three molecules of CIl* with the substitution of twelve atoms of H in 
it by four of Al, or, what is the same thing, it is the duplicated molecule of AI3O5 with 
the substitution of 6 by C 3 . And indeed C3AI4 under the action of water forms marsh 
gas and hydrate of alumina: CjAl* + 12H 2 = 3CH 4 + 4 Al(OH) 5 . This decomposition 
gives a new aspect of the synthesis of hydro-carbons, and quite agrees with what should 
follow from the action of water upon the metallic carbides as applied by me for explaining 
the origin of naphtha (Chapter VIII., Notes 67, 58, and 69). Frank (1894) by heating Al 
with carbon obtained a similar although not quite pure compound, which (like CeCa) 
evolves acetylene with hydrochloric acid i.e. probably has the composition AlCj. 
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00 rarely and sparingly met with in nature that they could only be 
discovered by means of the spectroscope. This fact shows that they 
are partially volatile, as should be the case according to the property 
of their nearest neighbours, the very volatile zinc, cadmium and mer- 
cury. As with them, in gallium, indium, and thallium the density of 
the metal, decomposability of compounds, «fcc., rises with the atomic 
weight. But here we find a peculiarity which does not exist in the 
second group. In the latter, the fusibility increases with the atomic 
weight of magnesium, zinc, cadmium, and mercury ; indeed, the 
heaviest metal — mercury — is a liquid. In the third group it is not so. 
In order to understand this it is sufficient to turn our attention to 
the elements of the further groups of the uneven series — for instance, 
to group V., containing phosphorus, arsenic, and antimony, or to 
group VI., with sulphur, selenium, and tellurium, and also to 
group VII., where chlorine, bromine and iodine are situated. In 
all these instances the fusibility decreases with a rise of atomic 
weight; the members of the higher series, the elements of a high 
atomic weight, fuse with greater difficulty than the lighter elements. 
The representatives of the uneven series of group III., aluminium, 
gallium, indium, thallium, forming, as they do, a transition, all show 
an intermediate behaviour. Here the most fusible of all is the medium 
metal gallium, 38 ^ which fuses at the heat of the hand ; whilst indium, 
thallium, and aluminium fuse at much higher temperatures. 

Zinc (group II.), which has an atomic weight 65, should be followed 
in group III. by an element with an atomic weight of about 69. It 
wfll be in the same group as Al and should consequently give B S S , 
BC1„ R,(S0 4 ) 2 , alums and similar compounds analogous to those of 
aluminium. Its oxide should be more easily reducible to metal than 
alumina, just as zinc oxide is more easily reduced than magnesia. The 
oxide R 2 0, should, like alumina, have feeble but clearly expressed 
basic properties. The metal reduced from its compounds should have a 
greater atomic volume than zinc, because in the fifth series, proceeding 
from zinc to bromine, the volume increases. And as the volume of 
lino sb 9*2, and of arsenic ■» 18, that of our metal should be 
near to 12. This is also evident from the fact that the volume of 
aluminium =11, and of indium =14, and our metal is situated in 
group IU., between aluminium and indium. If its volume = 1 1*5 

m ** The time it the cam in group IV. of the uneven series, where tin is the most 
fusible. Thus the temperature of fusion rises on both sides of tin (silicon is very 
infusible; germanium, 900°; tin, 080° ; lead, 896°) ; as it also does in group m., starting 
from gallium, far indium fuses at 176°, less easily than gallium but more easily than, 
thallium (994°). Aluminium also fuses with greater difficulty than gallium. 
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and its atomic weight be about 69, then its density will be nearly 5*9. 
The fact that zinc is more volatile than magnesium gives reason for 
thinking that the metal in question will be more volatile than 
aluminium, and therefore for expecting its discovery by the aid of 
the spectroscope, <fec. 

These properties were indicated by me for the analogue of alu- 
minium in 1871, and I named it (see Chapter XV.) eka- aluminium. 
In 1875, Lecoq de Boisbaudran, who had done much work in spectrum 
analysis, discovered a new metal in a zinc blende from the Pyrenees 
(Pierrefitte). He recognised its individuality and difference from 
zinc, cadmium, indium, and the other companions of zinc by means of 
the spectroscope ; but he only obtained some fractions of a centigram 
of it in a free state. Consequently only a few of its reactions were 
determined, as, for instance, that barium carbonate precipitates the new 
oxide from its salts (alumina, as is known, is also precipitated). Lecoq 
de Boisbaudran named the newly discovered metal gallium. As one 
would expect the same properties for ekaaluminium as were observed 
in gallium, I pointed out this fact at the time in the Memoirs of the 
Paris Academy of Sciences. All the subsequent observations of Lecoq 
de Boisbaudran confirmed the identity between the properties of gallium 
and those indicated for eka -aluminium. Immediately after this the 
ammonium alum of gallium was obtained, but the most convincing proof 
of all was found in the fact that the density of gallium although 
first apparently different (4*7) from that indicated above, afterwards, 
when the metal was carefully purified from sodium (which was first 
used as a reducing agent), pioved to be just that (5*9) which would 
have been looked for in the analogue of aluminium ; and, what 
was very important, the equivalent (233) and atomic weight (69*8) 
determined by the specific heat (0 08) were shown by experiment 
to be such as would be expected. These facts confirmed the 
universality and applicability of the periodic system of the elements. 
It must be remarked that previous to it there was no means of either 
foretelling the properties or even the existence of undiscovered 
elements. 39 

Much more light has been thrown on that element of the aluminium 

59 The spectrum of gallium is characterised by a brilliant violet line of wave-length 
= 417 milliontha of a millimetre. The metal can be separated from the solution, con- 
taining a mixture of the many metals occuiring in the zinc blende, by making uae of the 
following reactions : it is precipitated by sodium carbonate in the first portions; it gives 
a sulphate which, on boiling, easily decomposes into a basic salt, very slightly soluble 
in water; and it is deposited in a metallic 6tatefrom its solutions by the action of a 
galvanio current. It fuses at + 30°, and, when once fused, remains liquid for some 
time. It oxidises with difficulty, evolves hydrogen from hydrochloric acid and from 
potassium hydroxide, and, like all feeble bases (for instance, alumina and indium oxide), 
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group which follows after cadmium (its position in the periodic system' 
h III., 7, that is, it is in group III. in the 7th series). This is 
indium, In, which also occurs in small quantities in certain zinc ores. 
It was discovered (1863) by Reich and Bichter (and more fully investi- 
gated by Winkler) in the Freiberg zinc ores, and was named indium* 
from the fact that it gives to the flame of a gas-burner a blue colora- 
tion, owing to the indigo blue spectral lines proper to it. The equi- 
valent (see Chapter XV., Note 15), specific heat, and other properties 
of the metal confirm the atomic weight In = 113. 40 

Inasmuch as we found among the analogues of magnesium in 
group II. a metal, mercury, heavier and more easily reduced than 
the rest, and giving two grades of oxidation, so we should expect to 
find a metal among the analogues of aluminium in group III. which 
would be heavy, easily reduced, and give two grades of oxidation, and 
would have an atomic weight greater than 200. Such is thallium. 
It forms compounds of a lower type, TIX, besides the higher unstable 
type TIX 3 , just as mercury gives HgX a and HgX. In the form of 
the thailic oxide, T1 S 8 , the base is but feebly energetic, as would be 
expected by analogy with the oxides A1 9 3 , Ga a 3 , and ln 2 3 , whilst 
in thallous oxide, T1 2 0, the basic properties are sharply defined, 
as might be expected according to the properties of the type R a O 
(Chapter XV.). TJudlium was discovered in 1861 by Crookes and by 
Lamy in certain pyrites. When pyrites are employed in the manu- 
facture of sulphuric acid, they are burned, and give besides sulphurous 
anhydride the vapours of various substances which accompany the 
sulphur, and are volatile. Among these substances arsenic and 
selenium are found, and together with them, thallium. These sub- 
stances accumulate in a more or less considerable quantity in the 

it easily -forma basic salt*. The hydroxide is soluble in a solution of caustic potash, 
and slightly so in caustic ammonia. Gallium forms volatile GaClj and G*C1 9 (Nilson and 
Pettersson). 

* The vapour density of indium chloride, InClg (Note 31), determined by Nilson and 
PeUersson, confirms this atomic weight. Indium is separated from sine and cadmium, 
with which it occurs, by taking advantage of the fact that its hydroxide is insoluble in 
ammonia, that the solutions of its salts give indium when treated with zinc (hence indium 
is dissolved after zinc by acids) and that they give a precipitate with hydrogen sulphide 
even in acid solutions. Metallic indium is grey, has a sp. gr. of 7 42, fuses at 176°, and 
does not oxidise in the air ; when ignited, it first gives a black suboxide, ln 4 3 , then 
volatilises aud gives a brown oxide, In^Oj, whose salts, InX 3 , are also formed by the 
direct action of acids on the metal, hydrogen being evolved. Caustic alkalis do not act 
en indium, from which it is evident that it is less capable of forming alkaline compounds 
than aluminium is ; however, with potassium and sodium hydroxides, solutions of indium 
salts give a colourless precipitate of the hydroxide, which- is soluble in an excess of the 
alkali, like the hydroxides of aluminium and zinc Its salts do not crystallise, Nilson* 
and Pettersson (1889), by the action of HC1 upon In, obtained volatile crystalline, 
InClf, and by treating this compound with In, InCl also. 

*5 
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tubes through which the vapours formed in the combustion of the 
pyrites have to pass. When the methods of spectrum analysis were 
discovered (I860), a great number of substances were subjected to 
spectroscopic research, and it was observed that those sublimations 
which are obtained in the combustion of certain pyrites contained an 
element having a very sharply -denned and characteristic spectrum — 
namely, in the green portion of the spectra it gave a well-defined band 
(wave-length 535 millionth millimetres) which did not correspond with 
any then known element. 41 

Under the action of a galvanic current solutions of thallium salts 
deposit the metal in the form of a heavy powder. It is of a grey colour 
like tin, is soft like sodium, and has a metallic lustre. Its specific 
gravity is 118, it melts at 290°, and volatilises at a high temperature. 
When heated slightly above its melting point it forms an insoluble 
(in water) higher oxide, T1 2 3 , as a dark -coloured powder, generally 
however accompanied by the lower oxide T1 2 0, which is also black 
but soluble in water and alcohol. This solution has a distinctly 
alkaline reaction. This thallous oxide melts at 300°, and is easily 
obtained from the hydroxide T1HO by igniting it without access of 
air (in the presence of air the incandescent thallous oxide partly passes 
into thallic oxide). Thallous hydroxide, TIOH, crystallises with one 
molecule H 2 in yellow prisms which are very easily soluble in water. 
Metallic thallium may be used for its preparation, as the metal in the 
presence of water attracts oxygen from the air and forms the hydroxide. 
But metallic thallium does not decompose water, although it gives 
a hydroxide which is soluble in water. 41 bb All the other data for the 

41 Thallium was afterwards found in certain micas and in the rare mineral crookesjte, 
containing lead, silver, thallium, and selenium. Its isolation depends on the fact that in 
the presence of acids thallium forms thallous compounds, T1X. Among these compounds 
the chloride and sulphate are only slightly soluble, and give with hydrogen sulphide a 
black precipitate of the sulphide Tl^S, which is soluble in an excess of acid, but ins o l u bl e 
in ammonium sulphide. 

« b * The best method of preparing thallous hydroxide, TIOH, is by the decomposition 
of the requisite quantity of baryta by thaJloua sulphate, which is slightly soluble in water ; 
bahum sulphate is then obtained in the precipitate and thallous hydroxide in solution. 
This solubility of the hydroxide is exceedingly characteristic, and forms one of the most 
important properties of thallium- These lower (thallous) compounds are of the typ* 
T1X, and recall the salts of the alkalis. JThe salts T1X are colourless, do not gjreapvc- 
cipitate with the alkalis ot ammonia, but are precipitated by ammonium carbonate, 
because thallous carbonate, T1 2 C0 3 , is sparingly soluble in water. Platinie chloride gives 
the same kind of precipitate as it does with the salts of potassium— that is, thallous 
platinochloride, PtTijCl* All these facts, together with the isomorphism of the saMs 
TIX with those of potassium, again point out what an important significance the types 
of compounds have in the determination of the character of a given series of substances. 
Although thallium lias a greater atomic weight and greater density than potassium, sad 
although it has a less atomic volume, nevertheless thallous oxide is analogous to 
potassium oxide in many respects, for they both give compounds of the same type* 
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chemical and physical properties of thallium, of its two grades of oxida- 
tion and of their corresponding salts, are expressed by the position 
oocapied by this metal in virtue of its atomic weight Tl = 204, between 
mercury Hg = 200, and lead Pb = 206. 

Gallium, indium, and thallium belong to the uneven series, and there 
should be elements of the even series in group III. corresponding 
with calcium, strontium, and barium in group II. These ele- 
ments should in their oxides R 3 8 present basic characters of a more 
energetic kind than those shown by alumina, just as calcium, 
strontium, and barium give more energetic bases than magnesium, sine, 
and cadmium. Such are yttrium and ytterbium, which occur in a 
rare Swedish mineral called gadolinite, and are therefore termed 
the gadolinite metals. To these belong also the metal lanthanum, 
which accompanies the two other metals eerium and didymium in 
the mineral cerite, and it therefore belongs to the cerite metals. All 
these metals and certain others accompanying them, give basic oxides 
R3O3. At first their formula was supposed to be RO, but the 
application of the periodic system required their being counted as 
elements of groups IIL and IV., which was also confirmed by 
the determination of the specific heats of these metals, 4 * and better 

BX. We may farther remark that thallous fluoride, TIF, it easily soluble in water ae 
well ae thallous silicofluoridVs SiT^F* but that thallous cyanide, T1CN, is sparingly 
soluble in water. This, together with the alight solubility of thallous chloride, T1C1, and 
sulphate, Tl^SO* indicates an analogy between T1X and the salts of silver, AgX. 

Ae regards the higher oxide or the tkaUie oxids, 71*0* the thallium is trivalent in it— 
that is, it forms compound! of the type 11X3. The hydroxide, TKHOH), is formed by the 
action of hydrogen peroxide on thallous oxide, or by the action of- ammonia on a solu- 
tion of thsilic chloride, TIClj. It is obtained as a brown precipitate, insoluble in water 
be* easily soluble in acids, with which it gives thallic salts, T1X* Thallic chloride, which 
is obtained by cautiously heating the metal in a stream of chlorine, forms an easily 
fusible white mass, which is soluble in water and able to part with two-thirds of its 
chlorine when heated. An aqueous solution of this salt yields colourless crystals con- 
taining one equivalent of water. It is evident from the above that all the thallic salts 
can easily be reduced to thallous salts by reducing agents such as sulphurous anhy- 
dride, sine, Ac Besides these salts, thallic sulphate, Tl^SO^^HtO, thallic nitrate, 
ll(NOs)s,4H t O, <fec, are known. These salts are decomposed by water, like the salts of 
many feeble basic metals — for example, aluminium. 

tf The specific heat of cerium determined (1870) by me, and afterwards confirmed by 
HOlebrand, corresponds with that atomic weight of cerium according to which the com- 
position of two oxides should be Ce^Oj and CeO*. Hillebrand also obtained metallio 
lanthanum and didymium by decomposing their salts by a galvanic current, and he 
found their specific heats to be near that of cerium and about 0*04, and it is therefore 
justifiable to give them an atomic weight near that of oerium, as was done on the basis 
of the periodic law. Up to 1870 yttrium oxide was also given the formula BO. Having 
re determined the equivalent of yttrium oxide (with respect to water), and found it to be 
74*S, I considered it necessary to also ascribe to it the composition Y,Oj, beosuse then 
'i* falls into its proper place in the periodic system. If the equivalent of the oxide to 
water be 74*6, it contains 68*6 of metal per 16 of oxygen, and consequently one part by 
-weight of hydrogen replaces S9'8 of yttrium, and if it be regarded ae bivalent (oxide, 
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still by the fact that Nilson and Cleve, in their researches on the 
gadolinite metals (1879), discovered that they contain n peculiar and 
very rare element, scandium, which by the magnitude of its atomio 
weight, Sc = 44, and in all its properties, exactly corresponds with the 
metal (previously foretold on the basis of the periodic system) ekaboror^ 
whose properties were determined by taking the cerite and gadolinite 
metals as forming oxides R a 3 . 48 

RO), it would not, by its atomic weight 686, find a place in the second group. Bui 
if it be taken as trivalent— that is, if the formula of its oxide be R3O5 and salts RXj— 
then Y a 88, and a position is open for it in the third group in the sixth series after rubi- 
dium and strontium. These alterations in the^atomic weights of the cerite and gadolin- 
ite metals were afterwards accepted by Cleve and other investigators, who now ascribe 
a formula Rq0 5 to all the newly discovered oxides of these metals. But still the position 
in the periodic system of certain elements — for example of holmiwn, thulium, samarium, 
and others— has not yet been determined for want of a sufficient knowledge of their pro- 
perties in a state of purity. 

43 So, for example, in 1871, in the Journal of the Russian PhysiooChemical Society 
(p. 45) and in Liebig'a Annalcn, Supt. Band viii. 198, I deduced, on the basis of the 
periodic law, an atomic weight 44 forekaboron,and Nilson in 1888 found that of scandium, 
which is ekaboron, to be Sc = 4403. The periodic law showed that the specific gravity of 
the ekaboron oxide would be about 8*5, that it would have decided but feeble basic pro* 
pertics and that it would give colourless salts. And this proved to be the case with 
scandium oxide. In describing scandium, Cleve and Nilson acknowledge that the par- 
ticular interest attached to this element is due to its complete identity with the expected 
element ekaboron. And this accurate foretelling of properties could only be arrived at by 
admitting that alteration of the atomic weights of the cerite and gadolinite metals which 
was one of the first results of the application of the periodic system of the elements to 
the interpretation of chemical facts. In my first memoirs, namely, in the Bulletin of 
the St. "Petersburg Academy of Sciences, vol. viii. (1870), and in Liebig's Annalen (L c. 
p. 168) and others, I particularly insisted on the necessity of altering the then accepted 
atomic weights of cerium, lanthanum, and didymium. Cleve, Hbglund, Hillebrand and 
Norton, and more especially Brauner, and others accepted the proposed alteration, and 
gave fresh proofs in favour of the proposed alterations of these atomic weights. The study 
of the fluorides was particularly important. Placing cerium in the fourth group, the 
composition of its highest oxide would then be Ce0 2 , and its compounds CeX«, and the 
lower oxide, Cc 2 3 or CeX 5 . Brauner obtained the fluoride CeF 4 ,H 9 corresponding 
with the first, and a double crystalline salt, 3KF,2CeF4,2H 2 0, without any admixture of 
compound of the lower grade CeX,-„ which generally occur together with the majority of 
salts corresponding with CeX 4 . It will be seen from" these formuloe and from the tables of 
the elements, that cerium and didymium do not belong to the third group, which is now 
being described, but we mention them here for convenience, as all the cerite and 
gadolinite metals have much in common. These metals, which are rare in nature, 
resemble each other in many respects, always accompany each other, are with difficulty 
isolated from each other, and stand together in the periodic system of the elements; 
they have acquired a peculiar interest owing to their having been in 1870 the objects of 
the study of Marignac, Delafontaine, Soret, Lecoq de Boisbaudran, Brauner, Cleve, 
Nilson, the professors of Upsala, and others. 

The cerite and gadolinite metals occur in rare siliceous minerals from Sweden, 
America, the Urals, and Baikal, such as cerite (in Sweden), gadolinite, and orthite; and 
in still rarer minerals formed by titanic, niobic, and tantalic acids, such as euxenite in 
Norway and America, and samarskite in Norway, the Urals and America, and In a few 
raro fluorides and phosphates. Among the latter, monazito is found in somewhat 
considerable quantities in Brazil and North Carolina; this contains the phosphate of 
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The brevity of this work and the great rarity of the above-mentioned 
elements will give me the right to exclude their description, all the 

cerium, CeP0 4 ( - Ce^PjOs), together with didymium, thorium and lanthanum (aooording 
to W. Edron and 8hapleigh's analyaea), and U now oaed lor preparing that mixture of 
the oxide* of the rare metals (especially ThOfcCesQgJ^agO*, Ac), which is employed for 
incandescent burner* (Aoer too Welsbach), as it has been found by experiment that 
these oxides when raised to incandescence in a non-lnminoos gas flame, give a bur 
more brilliant flame with a smaller consumption of gas, beside* being suitable for such 
non-luminous gases ss water gas. The insufficiency of material to work upon, and 
the difficulty of separating the oxides from each other, are the chief reasons why 
the c o m p o si tion of the compounds of these rare metals is so imperfectly known. 
Cerite is the most accessible of these minerals. Besides silica it contains more 
than 50 p. c. of the oxides of cerium, lanthanum (from 4 p. c), and didymium. The 
decomposition of its powder by sulphuric acid gives sulphates, all of which are soluble in 
water. The other minerals mentioned above are also decomposed in the same manner. 
The solution of sulphates is precipitated with free oxalic acid, which forms salts insoluble 
in water and dilute acids with all the oerite and gadolinite oxides. The oxides them- 
selves are obtained by igniting the oxalates. When ignited in the sir the cerium 
passes from its ordinary oxide Ce^Os into the higher oxide CeO* which is so feeble a 
base that its salts are decomposed by water, and it is insoluble in dilute nitric acid. 
Therefore it is always possible to remove sll the cerium oxide by repeated ignitions and 
solutions in sulphurio acid. The further separation of the metals is mainly based on 
four methods employed by many investigators. 

(a) A solution of the mixed salts is treated with an excess of solid potassium sulphate. 
Double salts, such as Ce^SO^SK^SOj, are thus formed. The gadolinite metals, 
namely yttrium , ytterbium, and erbium, then remain in solution — that is, their double 
salts are soluble in a solution of potassium sulphate, whilst the cerite metals— namely, 
cerium, lanthanum, and didymium — are precipitated, that is, their double salts are 
insoluble in a saturated solution of potassium sulphate. This ordinary method of 
separation, however, appears from the researches of Marignac to be so untrustworthy 
that a considerable amount of didymium and the other metals remain in the soluble por- 
tion, owing to the fact that, although individually insoluble, they are dissolved when 
mixed together. Thus erbium and terbium occur both in the solution and precipitate. 
Nevertheless, beryllium, yttrium, erbium, and ytterbium belong to the soluble, and scan- 
dium, cerium, lanthanum, didymium, and thorium to the insoluble portion. The insoluble 
salt of scandium, for example (ix. insoluble in a solution of potassium sulphate), has a 
composition Sc^SO^ILjSO*. 

(6) The oxides obtained by the ignition of the oxalates are dissolved in nitric acid (the 
nitrates of the cerite metals easily form double salts with those of the alkali metals, and 
as some— for example, the ammonio- lanthanum salt— crystallise very well, they should be* 
studied and applied to the analytical separation of these metals), the solution is then 
evaporated to dryness, and the residue fused. All nitrates are destroyed by heat; those 
of aluminium and iron, &c, very easily, those of the cerite and gadolinite metals also 
easily (although not so easily as the above) but in different degrees and sequence ; so thai 
by carrying on the decomposition carefully from the beginning it is possible to destroy 
the nitrate of only one metal without touching the others, or leaving them as insoluble 
basic salts. This method, like the preceding sod the two following, must be repeated 
as many as seventy times to attain a really constant product of fixed properties, that 
is, one in which the decomposed and undecomposed portions contain one and the samo 
oxide. This method, due to Berlin and worked out by Bunsen,hss given in the hands of 
Marignac and NOson the best results, especially tor the separation of the gadolinit e 
met sis, ytterbium and scandium. 

(c) A solution of the ssJte u partiaUy precrpitated by ammonia; thai is, the solution Is 
seized with a small quantity of ammonia insufficient for the pre cipitat ion of the entire 
quantity of the bases (fractional precipitation). Thus, the didymam hydroxide is first 
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more as the principles of the periodic system enable many of their 
properties to be foreseen, and as their practical uses (cerium oxalate is 

precipitated from a mixture of the salts of didymium and lanthanum. A partial sepa- 
ration may be effected by repeating the solution of the precipitate and fractional 
precipitation, but a perfectly pure product is scarcely attainable. 

(d) The formates having different degrees of solubility (lanthanum formate 420 parts 
of water per one of salt, didymium formate 921, cerium formate 860, yttrium and erbium 
formates easily soluble) give a possible means of separating certain of the gadolinite 
metals from each other by a method of fractional solution and precipitation, as Bunsen, 
Bahr, Cleve, and others have pointed out 

(e) Crookes (1898) took advantage of the fractional precipitation of alcoholic solutions 
•of the chlorides by amylene, and by this means separated, for example, erbium, terbium, 
•and others. 

(/) Lastly, oxide of thorium Th0 2 (Chapter VTIL, Note 69) is separated by means of 
its solubility in a solution of sodium carbonate. 

A good method of separating these metals is pot known, for they are so like each 
•other. There are also only a few methods of distinguishing them from each other, and 
we can only add the following four to the above. 

• The faculty of oxidising into a higher oxide. This is very characteristic for cerium, 
which gives the oxides Cea0 5 and CeO a or Cea0 4 . Didymium also gives one colourless 
oxide, Di 2 03, which is capable of forming salts (of a lilac colour), and another, according 
to Brauner, Pi a 5 which is dark brown and does not form salts, so far as is known, 
and (like ceric oxide) acts as an oxidising agent, like the higher oxides of tellurium, 
manganese, lead, and others. Lanthanum, yttrium, and many others are not capable 
<of such oxidation. The presence of the higher oxides may be recognised by ignition in 
-a stream of hydrogen, by which means the higher oxides are reduced to the lower, which 
then remain unaltered. 

b The majority of the salts of the gadolinite and cerite metals are colourless, but 
those of didymium and erbium are rose-coloured, the salts of the higher oxide of cerium, 
CeX,, yellow, of the higher oxide of terbium, yellow, &c. Thus, the first metals ob- 
tained from gadolinite were yttrium, giving colourless, and erbium, giving rose-coloured, 
salts. Afterwards it was found that the salts of erbium of former investigators contained 
numerous colourless salts of scandium, ytterbium, <tc, so that a coloration sometimes 
indicates the presence of a small impurity, as was long known to be the case in 
minerals, and therefore this point of distinction cannot be considered trustworthy. 

• In a solid state and in solutions, the salts of didymium, samarium, holmium, &o^ 
give characteristic absorption spectra, as we pointed out in Chapter XIII., and this 
naturally is connected with the colour of these salts. The most important point is, thai 
those metals which do not give an absorption spectrum— for example, lanthanum, 
yttrium, scandium, and ytterbium— may be obtained free from didymium, samarium, 
and the other metals giving absorption spectra, because the presence of the latter may 
be easily recognised by means of the spectroscope, whilst the presence of the former in 
the latter cannot be distinguished, and therefore the purification of the former can bo 
carried further than that of the latter. We may further remark that the sensitiveness 
of the spectrum reaction for didymium is so great that it is possible with a layer off 
solution half a metre thick to recognise the presence of 1 part of didymium oxide (at 
salt) in 40,000 parts of water. Cossa determined the presence of didymium (together 
with cerium and lanthanum) in apatites, limestones, bones, and the ashes of plants by 
this method. The main group of dark lines of didymium correspond with wave-lengths 
of from 680 to 570 millionths mm. ; and the secondary to about 520, 780, 480, <feo. The 
chief absorption bands of samarium are 472-480, 417, 500, and 559. Besides which, 
■Crookes applied the investigation of the spectra of the phosphorescent light which is 
emitted by certain earths in an almost perfect vacuum, when an electric discharge is passefl 
through it, to the discovery and«characterisation of these rare metals. But it would seem 
that the smallest admixture of other oxides (for example, bismuth uranium) so powerfully 
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used in medicine, and didymium oxide in the manufacture of glass, a 
mixture of tbe oxides of lanthanum and similar metals is employed for 

influences these spectra that the fundamental distinctions of the oxides cannot be deter* 
mined by this method. Besides which, the spectra obtained by the passage of sparks 
through solutions or powders of the salts are determined and applied to distinguishing 
the elements, bat as spectra vary with the temperature and elasticity (concentration) 
this method cannot be considered as trustworthy- 

4 Tbe most important point of distinction of individual metallic oxides is giveu by 
the direct determination of their equivalent with respect to water— that Is, the amount 
of the oxide by weight which combines (like water) with 80 parts by weight of sulphurio 
anhydride, S0 3 , for the formation of a normal salt. For this purpose the oxide is weighed 
and dissolved in nitrio acid, sulphurio acid is then added, and the whole is evaporated to 
dryness over a water-bath and then heated over a naked flame sufficiently strongly to 
drive off the excess of sulphurio acid, but so as not to decompose the salt (the product would 
In that case not be perfectly soluble in water) ; then, knowing the weight of the oxide 
and of the anhydrous sulphate, we can find the equivalent of the oxide. The following are 
the most trustworthy figures in this connection : scandium oxide 45*85 (Nilson), yttrium 
oxide 75*7 (Clove ; according to my determination, 1871— 746), eerous oxide— that is, the 
lower form of oxidation of cerium, according to various investigators (Bunsen, Brauner, 
and others) from 108 to 111, the higher oxide of cerium from 85 to 87, lanthanum oxide, 
according to Bra'unor, 108, didyraium oxide (in salts of the ordinary lower form of 
oxidation) about 112 (Marignac, Brauner, Clevo), samarium oxide about 116 (Clevo), 
ytterbium oxide 181*8 (Nilson). It may not be superfluous here to draw attention to the 
fact that the equivalent of the oxides of all the gadolinite and cerite metals for water 
distribute themselves into four groups with a somewhat constant difference of nearly 30. 
In the first group is scandium oxide with equivalent 45, in the second, yttrium oxide 70, 
in the third, lanthanum, cerium, didymium, and samarium oxides with equivalent about 
110, and, in the fourth, erbium, ytterbium, and thorium oxides with equivalent about 131. 
The common difference of period is nearly 45. And if we ascribe the typo R<jO s to all 
the oxides— that is, if we triple the weight of the equivalent of the oxide — we shall 
obtain a difference of the groups nearly equal to 90, which, for two atoms of the metal, 
forms the ordinary periodic difference of 45. If one and the some type of oxide RjOj be 
ascribed to all these elements (as now generally accepted, in many cases there being' 
Insufficiently trustworthy data), then the atomic weights should be So - 44, Y => 89, 
La - 188, Ce « 140, Di « 144, (neodymium 140, praseodymium 144), Sin - 160, Yb - 173, 
also terbium 147, holmium 102, alphayttrium 157, erbium 166, thulium 170,decipium 171. 
It should be observed that there may be instances of basio salts. If, for example, an 
element with an atomic weight 90 gave an oxide R0 2 , but salts ROX 3 , then by counting 
its oxide as R^Oj its atomic weight would be 159. 

All the points distinguishing many gadolinite and cerite elements have not been 
sufficiently well established in certain cases (for example, with decipium, thulium, hol- 
mium, and others). At present the most certain are yttrium, scandium, cerium, and 
lanthanum. In the case of didymium, for example, there is still much that is doubtful. 
Didymium, discovered in 1812 by Mosander after lanthanum, differs from the latter in 
its absorption spectrum and the lilac-rose colour of its salts. Dolafontaino (1876) sepa- 
rated samarium from it. Welsbach showed that it contains two particular elements, 
neodymium (salts bluish-red) and praseodymium (salts apple-groon), and Becquerel 
(1887) by investigating the spectra of crystals, recognised the presence of six Indi- 
vidual elements. Probably, therefore, many of tho now recognised elements contain a 
mixture of various others, and as yet there is not enough confirmation of their individu- 
ality. As regards yttrium, scandium, cerium, and lanthanum, which have been 
established without doubt, I think that, owing to their great rarity in nature and 
ehemiool art, it would be superfluous to describe them further in 60 elementary a 
work as the present. We may add that Winkler (1891) obtained a hydrogen compound 
of lanthanum, whose composition (according to Brauner) is Ls^Hj, as would be crpectod 
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giving a bright light, as this mixture emits a brilliant white light 
when brought to incandescence) are very limited, by reason of their 
great rarity in nature, and the difficulty of separating them from one 
another. 

from the composition of Na*H, Mg 2 H 2 , &c. C. Winkler (1891), on reducing Ce0 3 with 
magnesium, also remarked a rapid absorption of hydrogen, and showed that a hydride of 
cerium, Cell* corresponding to CaH, and the other similar hydrides ,of metals of the 
alkaline earths, is formed (Chapter XIV, Note 48). 
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CHAPTER XVIII 

SILICON AND THE OTHER ELEMENTS OP THE FOURTH GROUP 

Carbon, which gives the compounds CH 4 and C0 2 , belongs to the 
fourth group of elements. The nearest element to carbon is silicon, 
which forms the compounds SiH 4 and Si0 3 ; its relation to carbon is 
like that of aluminium to boron or phosphorus to nitrogen. As carbon 
composes the principal and roost essential part of animal and vegetable 
substances, so is silicon almost an invariable component part of the 
rocky formations of the earth's crust. Silicon hydride, SiH 4 , like CH 4 , 
has no acid properties, but silica, 8i0 2 , shows feeble acid properties 
like carbonic anhydride. In a free state silicon is also a non-volatile, 
slightly energetic non-metal, like carbon. Therefore the form and 
nature of the compounds of carbon and silicon are very similar. In 
addition to this resemblance, silicon presents one exceedingly important 
distinction from carbon : namely, the nature of the higher degree of 
oxidation. That is, silica, silicon dioxide, or silicic anhydride, Si0 9 is 
a solid, non-volatile, and exceedingly infusible substance, very unlike 
carbonic anhydride, C0 2 , which is a gas. This expresses the essential 
peculiarity of silicon. The cause of this distinction may be most 
probably sought for in the polymeric composition of silica compared 
with carbonic anhydride. The molecule of carbonic anhydride con 
tains CO s , as seen by the density of this gas. The molecular weight 
and vapour density of silica, were it volatile, would probably correspond 
with the formula Si0 2 , but it might be imagined that it would corre- 
spond to a far higher atomic weight of Si M SM principally from the 
fact that SiH 4 is a gas like CH 4 , and SiCl 4 is a liquid and volatile, 
boiling at 57°— that is, even lower than CC1 4 , which boils at 76°. In 
general, analogous compounds of silicon and carbon have nearly the 
same boiling points if they are liquid and volatile. 1 From this it might 

Chloroform, CHClj, boils at 60°, and silicon chloroform, SiHCl s , at M° ; silicon 
ethyl, 8i(CQH 4 ) 4 , boils at about 150°, and its corresponding carbon compound, CHC^H*)^ 
at about 180° ; ethyl orthosilicate, Si(OC 2 H ft ) 4 , boils at 160°, and ethyl orthocarbonate, 
C(00|He)» *t 168°. The specific volumes in a liquid state — that is, those of the silicon 
o orrrpoon te— generally are slightly greater than those of the carbon compounds; for 
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be expected that silicic anhydride, Si0 2 , would be a gas like carbonic 
anhydride, whilst in reality silica is a hard non- volatile substance, 1 ** 
and therefore it may with great certainty be considered that in this 
condition it is polymeric with Si0 2 , as on polymerisation — for instance, 
when cyanogen passes into paracyanogen, or hydrocyanic acid into 
cyanuric acid (Chapter IX.) — very frequently gaseous or volatile 
substances change into solid, non- volatile, and physically denser and 
more complex substances. 2 We will first make acquaintance with free 
silicon and its volatile compounds, as substances in which the analogy 
of silicon with carbon is shown, not only in a chemical but also in a 
physical sense. 3 

example, the volumes of CC1 4 «0«, SiC^-lia, CHC1 3 -81, 8iHCl 5 ~82, of C(OCH») 4 
fcl86, and Si(OC 2 H 5 ) 4 «201. The corresponding salts hare also nearly equal specific 
volumes; for example, CaCO s ->87, CaSiO s -41. It is impossible to compare S»O a and 
C0 2 , because their physical states are so widely different. 

1 bU But silica fuses and volatilises (Moisxan) in the heat of the electric furnace, about 
8000°, SiO« is also partially volatile at the temperature attained in the flame of detonat- 
ing gag (Cremer, 1892). 

* A property of intercombiuation is observable in the atoms of carbon, and a faculty 
for intercombination, or polymerisation, is aim seen in the unsaturated hydrocarbons 
and carbon compounds in general. In silicon a property of the same nature is found to 
be particularly developed in silica, SiO?, which is not the case with carbonic anhydride. 
The faculty of the molecules of silica for combining both with other molecules and 
among themselves is exhibited in the formation of most varied compounds with bases, 
in the formation of hydrates with a gradually decreasing proportion of water down to 
anhydrous silica, in the colloid nature of the hydrate (the molecules of colloids are always 
complex), in the formation of polymeric ethereal salts, and in many other properties 
which will be considered in the sequel. Having come to this conclusion as to the poly* 
.meric state of silica since the years 1850-1860, 1 have found it to be confirmed by all 
subsequent researches on the compounds of silica, and, if I mistake not, this view has 
now been very generally accepted. 

3 It was only after Gerhard t, and in general subsequently to the establishment of 
the true atomic weights of the elements (Chapter VII.), that a true idea of the atomio 
weight of silicon and of the composition of silica was arrived at from the fact that the 
molecules of SiCl 4 , SiF 4 , Si(OC 2 H 5 )j, Ac, never contain less than 28 parts of silicon. 

The question of the composition of silica was long the subject of. the most contra- 
dictory statements in the history of science. In the last century Pott, Bergmann, and 
Scheele distinguished silica from alumina and lime. In the beginning of the present 
.century Smithson for the first time expressed the opinion that silica was an acid, and 
the minerals of rocks salts of this acid. Berzelius determined the presence of oxygen in 
silica — namely, that 8 parts of oxygen were united with 7 of silicon. The composition of 
silica was first expressed as SiO (and for the sake of shortness 8 only was sometimes 
written instead). An investigation in the amount of silica present in crystalline minerals 
showed that the amount of oxygen in the bases bears a very varied proportion to the 
amount of oxygen in the silica, and that this ratio varies from 2:1 to 1:8. The 
ratio 1 : 1 is also met with, but the majority of these minerals are rare. Other more 
common minerals contain a larger proportion of silica, the ratio between the oxygen of 
the bases and the oxygen of the silica being equal to 1 : 9, or thereabouts ; such are the 
augites, labradorites, oligoclase, tale, dra The higher ratio 1 : 8 is known for a widely 
distributed series of natural silicates— for example, the felspars. Those silicates in which 
the amount of oxygen in the bases is equal to that in the silica are termed monotilioaimf 
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Free silicon can be obtained in an amorphous or crystalline state. 
Amorphous silicon is produced, like aluminium, by decomposing the 
double fluoride of sodium and silicon (sodium silicofluoride) by means 
of sodium : Na 9 SiF 6 + 4Na = 6NaF+Si By treating the mass thus 
obtained with water the sodium fluoride may be extracted and the 
residue will consist of brown, powdery silicon. In order to free it from 
any silica which might be formed, it is treated with hydrofluoric acid. 
This silicon powder is not lustrous ; when heated it easily ignites, but 
does not completely burn. It fuses when very strongly heated, and 

their general formula will be (RO) a 8iO, 6r (RA^SiOak. Those in wjiich the ratio of 
the oxygen is equal to 1 : 9 are termed builicaUs, and their general formula will be 
ROSi0 2 or RaO s (Si0 2 ) s . Thoae in which the ratio is t : 8 will be triiilicatts, and their 
general formula (RO)«(SiO a )j or (Rt0 5 )«(8iO,)s. 

In these formal© the now established composition of SiO*— that is, that in which the 
atom of fli - 98— is employed. Berzelius, who made an accurate analysis of the composition 
of felspar, and recognised it as a triplicate formed by the union of potassium oxide and 
alumina with silica, in just the same manner as the alums are formed by sulphurio add, 
gave silica the same formula as sulphuric anhydride—that is, SiOj. In this case the 
formula of felspar would be exactly similar to that of the alums*-that is, KAl(8*0«)j, 
like the alums, KA1(80 4 ) 2 . If the composition of silica be represented as SiOj, the atom 
of silicon must be recognised as equal to 49 (if 0» 16 ; or if 0-8, as it was before taken 
tobe,Si«91). 

The former formula) of silica, SiO(8i-H,) and Si0 5 (8i«49), were first changed into 
the present one, SiO^Si-aS), on the basis of the following arguments :— An excess of 
silica occurs in nature, and in siliceous rocks free silica is generally found side by side with 
the silicates, and one is therefore led to the conclusion that it has formed add salts. 
It would therefore be incorrect to consider the triplicates as normal salts of silica, for 
they contain the largest proportion of silica; it is much better to admit another formula 
with a smaller proportion of oxygen for silica, and it then appears that the majority of 
minerals are normal or slightly basic salts, whilst some of the minerals predominating 
in nature contain an excess of silica— that is, belong to the order of acid salts. 

At the present time, when there is a general method (Chapter VII.) for the determina- 
tion of atomic weights, the volumes of the volatile compounds of silica show that its atomic 
weight 8i-98, and therefore silica is 8i0 2 . Thus, for example, the vapour density of 
silicon chloride with respect to air is, as Dumas showed (1869), 694, and hence with respect 
to hydrogen it is 86'6, and consequently its molecular weight will be 171 (instead of 170 
as indicated by theory). This weight contains 98 parts of silicon and 149 parts of 
chlorine, and as an atom of the latter is equal to 88*5, the molecule of silicon chloride con- 
tains SiCl*. As two atoms of chlorine are equivalent to one of oxygen, the composition 
of silica will be SiOj— that is, the same as stannic oxide, SnOj, or titanic oxide, TiOj, and 
the like, and also as carbonic and sulphurous anhydrides, C0 3 and S0 3 . But silica bears 
but little physical resemblance to the latter compounds, whilst stannic and titannio 
oxides resemble silica both physically and chemically. They are non-volatile, crystalline, 
insoluble, are colloids, also form feeble acids like silica, &c, and they might therefore be 
expected to form analogous compounds, and be isomorphous with silica, as Marignao 
(1859) found actually to be the case. He obtained stannonuorides, for example an easily 
soluble strontium salt, 8rSnFe, 9H?0, corresponding with the already long known silioo- 
fluorides, such as 8rSiF d , 9H*0. These two salts are almost identical in crystalline 
form (monoclinic{ angle of the prism, 83° for the former and 84° for the latter; inclina- 
tion of the axes, 108° 46' for the latter and 108° 80* for the former), that is, they are 
isomorphous. We may here add that the specific volume of silica in a solid form is 22*6, 
and of stannic oxide 91*5. 
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has then the appearance of carbon. 4 Crystalline silicon is obtained in 
a similar way, but by substituting an excess of aluminium for the 
sodium: 3Na,SiF 6 + 4A] = 6NaF+4AlF, + 3SL The part of the 
aluminium remaining in the metallic state dissolves the silicon, and 
the latter separates from the solution on cooling in a crystalline form. 
The excess of aluminium after the fusion is removed by means of hydro- 
chloric and hydrofluoric acid. The best silicon crystals are obtained 
from molten zinc ; 10 parts of sodium silicofluoride are mixed with 
20 parts of zinc and 4 parts of sodium, and the mixture is thrown 
into a strongly heated crucible, a layer of common salt being used to 
cover it; when the mass fuses it is stirred, cooled, treated with 
hydrochloric acid, and then washed with nitric acid. Silicon, especially 
when crystalline, like graphite and charcoal, does not in any way act 
on the above-mentioned acids. It forms black, very brilliant, regular 
octahedra having a specific gravity of 2*49 ; it is a bad conductor of 
electricity, and does not burn even in pure oxygen (but it burns in 
gaseous fluorine). The only acid which acts on it is a mixture of hydro- 
fluoric and nitric acids ; but caustic alkalis dissolve in it like aluminium, 
with evolution of hydrogen, thus showing its acid character. In 
general silicon strongly resists the action of reagents, as do also boron 
and carbon. Crystalline silicon was obtained in 1855 by Deville, and 
amorphous silicon in 1826 by Berzelius. 4 **» 

Silicon hydride, SiH 4 , analogous to marsh gas, was obtained first 
of all in an impure state, mixed with hydrogen, by two methods : by 
the action of an alloy of silicon and magnesium on hydrochloric acid, 5 
and by the action of the galvanic current on dilute sulphuric acid, 
using electrodes of aluminium, containing silicon. In these cases 

4 A similar form of silioon is obtained by faring SiO a with magnesium, when an alloy 
of Si and fife is also formed (Gattermann). Warren (1888) by heating magnesium in a 
stream of SiF 4 obtained silioon and its alloy with magnesium. Winkler (1890) found 
that-Mg 5 Si 3 and Mg 3 8i are formed when 8i0 2 and Mg are heated together at lower tem- 
peratures, whilst at a high temperature 8i only is formed. 

ttfa It is very remarkable that silicon decomposes carbonio anhydride at a white heal, 
forming a white mass which, after being treated with potassium hydroxide and hydrofluoric 
acid, leaves a very stable yellow substance of the formula 8iCO, which is formed according 
to the equation, 88i + 2C0 3 «= 8iO a + SSiCO. It is also slowly formed when silicon is heated 
with carbonic oxide. It is not oxidised when heated in oxygen. A mixture of silioon and 
carbon when heated in nitrogen gives the compound 8i 3 C 3 N, which is also very stabler 
On this basis Schtftsenberger recognises a group, C 3 8is, as capable of combining with 0% 
and N, like C. 

We may add that Troost and Hautefeuille, by heating amorphous silicon in the 
vapour of S1CI4, obtained crystalline silicon, and probably at the same time lower com* 
pounds of 8i and CI were temporarily formed. In the vapour of TiCl* under the Mine 
conditions crystalline titanium is formed (Levy, 1899). 

fi This alloy, as Beketoff and Cherikoff showed, is easily obtained by directly healing 
finely divided silica (the experiment may be conducted in a teat tube) with I 
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silicon hydride is set free, together with hydrogen, and the presence 
of the hydride, is shown by the fact that the hydrogen separated 
ignites spontaneously on coming into contact with the air, forming 
water and silica. The formation of silicon hydride by the action 
of hydrochloric acid on magnesium silicide is perfectly akin to the 
formation of phosphurettod hydrogen by the action of hydrochloric 
acid on calcium phosphide, to the formation of hydrogen sulphide by 
the action of acids en many metallic sulphides, and to the formation 
of hydrocarbons by the. action of hydrochloric acid on white cast 
iron. On heating silicon hydride — that is, on passing it through an 
incandescent tube, it is decomposed into silicon and hydrogen, just like 
the hydrocarbons, but the caustic alkalis, although without action 
on the latter, react with silicon hydride according to the equation : 
8iH 4 + 2KHO + H 2 0=SiK,0 3 + 4H 2 . 

Silicon chloride, SiCl 4 , is obtained from amorphous anhydrous silica 
(made by igniting the hydrate) mixed with charcoal, 6 heated to a white 

powder (Chapter XIV., Notes 17, 18). The substance formed, when thrown into a eola- 
tion of hydrochloric add, evolves spontaneously inflammable and impure silicon hydride, 
so that the self-inflammability of the gas is easily demonstrated by this means. 

In 1860-60 Wohler and Buff obtained an alloy of silicon and magnesium by the 
action of sodium on a molten mixture of magnesium chloride, sodium silicofluoride, 
and sodium chloride. The sodium then simultaneously reduces the silicon and 
magnesium. 

Friedel and Ladenburg subsequently prepared silicon hydride in a pure state, and 
tiiowed that it is not spontaneously inflammable in air, at (he ordinary pressure, but that, 
like PH 3 , and like the mixture prepared by the above methods, it easily takes fire in 
air under a lower pressure or when mixed with hydrogen. They prepared the pure 
compound in the following manner: Wohler showed that When dry hydrochloric acid 
gas is passed through a slightly heated tube containing silicon it forms a very volatile 
colourless liquid, which fumes strongly in air; this is a mixture of silicon chloride, SiCl 4 , 
and silicon chloroform, SiHCl s , which corresponds with ordinary chloroform, CHClj. 
This mixture is easily separated by distillation, because silicon chloride boils at 67°, and 
silicon chloroform at 86°. The formation of the latter will be understood from the 
equation Si-f 8HCl = H 2 + SiHCl 3 . It is an anhydrous inflammable liquid of specific 
gravity 1*6. It forms a transition product between S1H4 and 8iCl 4 , and may be obtained 
from silicon hydride by the action of chlorine and SbCl s , and is itself also transformed 
into silicon chloride by the action of chlorine. G at term an n obtained SiHClj by heating 
the mass obtained after the action (Note 4) of Mg upon Si0 2 , in a stream of chlorine 
(with HC1) at about 470°. Friedel and Ladenburg, by acting on anhydrous alcohol with 
silicon chloroform, obtained an ethereal compound having the composition SiH(OCjH 3 )j. 
This ether boils at 186°, and when acted on by sodium disengages silicon hydride, and 
is converted into ethyl orthosilicate, Si(OC 2 H 5 ) 4 , according to the equation 4SiH(OC2H a ) a 
= SiH 4 +3Si(OCl 2 H 5 ) 4 (the sodium seems to be unchanged), which is exactly similar 
to the decomposition of the lower oxides of phosphorus, with the evolution of phot, 
phuretted hydrogen. If we designate the group C 3 H 5 , contained in the silicon ethers by 
Et, the parallel is found to be exact : 

4PHO(OH) 2 = PH 3 + 3PO(OH) 5 ; 4SiH(OEt)j - SiH* + SSi(OEt) 4 . 

6 The amorphous silica is mixed with starch, dried, and then charred by heating the 
mixture in a closed crucible. A very intimate mixture of silica and charcoal is thus 
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heat in a stream of dry chlorine — that is, by that general method by which 
many other cbloranhydrides having acid properties are obtained. Silicon 
chloride is purified from free chlorine by distillation over metallic mercury. 
Free silicon forms 'the same substance when treated with dry chlorine. 
It is a volatile colourless liquid, which boils at 59° and has a specific 
gravity of 1 : 52. It fumes strongly in air, has a pungent smell, and in 
general has the characteristic properties of the acid chloranhydridea. 
It is completely decomposed by water, forming hydrochloric acid and 
silicic acid, according to the equation : SiCl 4 + 4H 8 0=Si(OH) 4 + 4HOL' 

(armed. In Chapter XI., Note 18, we saw that element* like silicon disengage more 
heat with oxygen than with chlorine, and therefore their oxygen compounds cannot be 
directly decomposed by chlorine, but that this can be effected when the affinity of carbon 
(or oxygen is utilised to aid the action. When the mass obtained by the action of tfg 
upon SiO* is heated to 800° in a current of chlorine, it easily forms SiCl* (Oattermann) : 
besides which two other compounds, corresponding to SiCl*, are formed, namely: 
SisCl* which' boils at 145° and solidifies at -1°, and SijCle, which boils at about 219°. 
These substances, which answer to corresponding carbon compounds (CjHe and C*H|), 
act upon water and form corresponding oxygen compounds; for instance, 8i«CIf +4H|0 
« (8i09H)>+ 0HC1 gives the analogue of oxalic acid (CO«H)* This substance is insoluble 
in water, decomposes under the action of friction and heat with an explosion, and should 
be called tilico- oxalic acid, Si^H^O* (see later, Note 11 b, »). 

7 Silicon chloride shows a similar behaviour with alcohol This is accompanied by a 
very characteristic phenomenon; on pouring silioon chloride into anhydrous alcohol .a 
momentary evolution of heat is observed, owing to a reaction of double decomposition, 
but this is immediately followed by a powerful cooling effect, due to the disengagement 
of a large amount of hydrochloric add — that is, there is an absorption of heat from the 
formation of gaseous hydrochloric acid. This is a very instructive example in, this 
respect; here two processes occurring simultaneously — one chemical and the other 
physical— are divided from each other by time, the latter process showing itself by a 
distinct fall in temperature. In the majority of cases the two processes proceed simulta- 
neously, and we only observe the difference between the heat developed and absorbed. In 
acting on alcohol, silicon chloride forms ethyl orthosilioate, SiCli+iHOCjHj-sHCl 
+ Si(OC 3 H 4 ) 4 . This substance boils at 160°, and has a specific gravity 0-94. Another salt, 
ethyl metasilicate, 8iO(OC 3 H 5 ),, is also formed by the action of silicon chloride on anhy* 
drous alcohol; it volatilises above 800°, having a sp. gr. 1*08. It is exceedingly interest- 
ing that these two ethereal salts are both volatile, and both correspond with silica, 
8iO a . the first ether corresponds to the hydrate 8i(OH) 4 , orthosiUc acid, and the 
second to the hydrate SiO(OH).;, metasilicic acid. As the nature of hydrates may 
be judged from the composition of salts, so also, with equal right, can ethereal salts 
serve the same purpose. The composition of an ethereal salt corresponds with thai 
of an acid in which the hydrogen is replaced by a hydrocarbon radicle— for instance, by 
CjHj. And, therefore, it may be truly said that there exist at least the two silicic adds 
above mentioned. We shall afterwards see that there are really several such hydrates; 
that these ethereal salts actually correspond with hydrates of silica is dearly shown 
from the fact that they are decomposed by water, and that in moist air they give 
alcohol and the corresponding hydrate, although the hydrate which is obtained in the 
residue always corresponds with Uie second ethereal salt only— that is, it has the 
composition SiO(OHfo ; this form corresponds also to carbonic add in its ordinary sella. 
This hydrate is formed as a vitreous mass when the ethyl silicates are exposed to air, 
owing to the action of the atmospheric moisture on them. Its specific gravity is 1*77. 

Silicon bromide, 8iBr 4 , as well as silicon bromoform, 8iHBr s , are substanoes dosery 
resembling the chlorine compounds in their reactions, and they are obtained in the i 
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The most remarkable of the haloid compounds of silicon is silicon 
Juoride, SiF 4 . It is a gaseous substance only liquefied by intense cold, 
— 100°, and is obtained (Chapter XL) directly by the .action of hydro- 
fluoric acid on silica and its compounds (SiO* + 4HF=2H 2 + SiF 4 ), and 
also by heating fluorspar with silica (2CaF 9 + 3Si0 2 =2CaSiO a + SiF a )." 
In order to prepare silicon fluoride, sand or broken glass is mixed with 
an equal quantity by weight of ^fluorspar and 6 parts by weight of 
strong sulphuric acid, and the mixture is gently heated. It fumes 
strongly in air, reacting with the aqueous vapours, although it is pro- 
duced from silica and hydrofluoric acid with the separation of water. 
Tt is evident that a reverse reaction occurs here; that is to say, 
the water reacts with the silicon fluoride, but the reaction is 
not complete. This phenomenon is similar to that which occurs 
when water decomposes aluminium chloride, but at the same time 
hydrochloric acid dissolves aluminium hydroxide and forms the same 
aluminium chloride. The relative amount of water present (together 
with the temperature) determines the limit and direction of the 
reaction. The faculty which silicon fluoride has of reacting with 
water is so great that it takes up the elements of water from many 
substances — for instance, like sulphuric acid, it chars paper. Water 
dissolves about 300 volumes of this gas, but in this case it is not a 
common dissolution which takes place, but a reaction. During the first 
absorption of silicon fluoride by water, silicic acid is separated in the 
form of a jelly, but a certain quantity of the silicon fluoride also 
remains in the liquid, because the hydrofluoric acid formed dissolves 
the other part of the silica 9 and forms the so-called hydrqfluosUicic 

manner. Silicon iodoform, SiHI 3 , boils at about 290°, has a specific gravity of 8*4, 
reacts in the same-manner as silicon chloroform, and is formed, together with silicon iodide, 
Silt, by the action of a mixture of hydrogen and hydriodic acid on heated silicon. 8ilicon 
iodide is a solid at the ordinary temperature, fusing at about 130° ; it may be distilled in 
a stream of carbonic anhydride, but easily takes fire in air, and behaves with water and 
other reagents just like silicon chloride. It may be obtained by the direct action of the 
vapour of iodine on heated silicon. Besson (1891) also obtained SiCljI (boils at 113°), 
SiCLjI, (172°), and SiClIj (220°), and the corresponding bromine compounds All the 
halogen compounds of Si are capable of absorbing 6NH S and more. Besides which 
Besson obtained SiSCl 2 by heating Si in the vapour of chloride of sulphur; this 
compound melts at 74°, boils at 186°, and gives with water the hydrate of SiO* HC1, 
*ndH,S. 

8 This property of calcium fluoride of converting silica into a gas and a vitreous fusible 
slag of calcium silicate is frequently taken advantage of in the laboratory and in practice 
in order to remove silica. The same reaction is employed for preparing silicon fluoride 
on a large scale in the manufacture of hydrofluosilicic acid (see sequel). 

• The amount of heat developed by the solution of silicic acid, 8iOa»H 5 0, in aqueous 
hydrofluoric acid, xHFnH,0, increases with the magnitude of m and normally equate 
«5,000 heal units, where m varies between 1 and & However, when »- 10 the tnaximwm 
amount of heel is developed (-49,500 unite), and beyond thai the amount decreases 
(Thomson). 
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acid : H 2 SiF 6 =SiF 4 + 2HF=8iH a 3 + 6HF— 3H 2 0. That is to say, 
a metasilicic acid, SiH ? 0„, in which 3 is replaced by F 6 . This 
view of the composition of hydrofluosilicic acid may be admitted, 
because it forms a whole series of crystallisable and well defined 
salts. In general, the whole reaction of water on silicon fluoride may 
be expressed by the equation : 3SiF 4 - 3H a O=SiO(OH) 9 + 2SiH 2 F 6 . 
Hydrofluosilicic acid and silicic acid resemble each other as much, and 
differ as much, in their chemical character as water and hydrofluoric 
acid. For this reason silicic acid is a feebler acid than hydrofluosilicic 
acid, and in addition to this the former is insoluble, and the latter 
soluble, in water. 10 Hydrofluosilicic acid is also formed if silicic acid 
be dissolved in a solution of hydrofluoric acid. It is incapable of 
volatilising without decomposition, and on heating the concentrated 
acid silicon fluoride is evolved, leaving an aqueous solution of hydro* 
fluoric acid. This is the reason why solutions of hydrofluosilicic acid 
corrode glass. This decomposition may be further accelerated by the 
addition of sulphuric acid, or even of other acids. Hydrofluosilicic acid, 
when, acting on potassium and barium salts, gives precipitates, because 
the salts of these metals are but sparingly soluble in water: thus 
2KX + H 2 SiF 6 =2HX + K a SiF<j. The potassium salt is obtained in 

10 In reality, however, it would Mem that the reaction ie still more complex, became 
the aqueous solution of silicon fluoride does not yield a hydrate of silica, but a fluo- 
hydrate (Schiff), SiaOsfOHJF, corresponding to the (pyro) hydrate Si 8 5 (OH)„ equal to 
SiO(OH) 2 8i02, so that the reaction of silicon fluoride on water is expressed by the equa- 
tion : 6SiF 4 + 4K,0 = SSiH^Fe + 8iaOj(OH)F + HF. However, Beraelius states that the 
hydrate, when well washed with water, contains no fluorine, which is probably due to the 
fact that an excess of water decomposes 8i 3 3 (OH)F l forming hydrofluoric add and the 
compound S^OjfOH)*. Water saturated with silicon fluoride disengages silioon fluoride 
and hydrofluoric acid when treated with hydrochloric acid, the gelatinous precipitate being 
simultaneously dissolved. It may be further remarked that hydrofluosilicic add has been 
frequently regarded as SiO^OHF, because it is formed by the solution of silica in hydro- 
fluoric acid, bat only two of these six hydrogens are replaced by metals. On concentra- 
tion, solutions of the add begin to decompose when they reach a strength of 6HfO 
per HaSiF e , and therefore the acid may be regarded as 8i(OH) 4 ^H,0,6HF, but the cor- 
responding salts contain less water, and there are even anhydrous salts, RaSiF* so that 
the add itself is most simply represented as H?8iF fl . 

• If gaseous silicon fluoride be passed directly into water, the gas-conducting tube be- 
comes clogged with the predpitated silido add. This is best prevented by immersing the 
end of the tube under mercury, and then pouring water over the mercury; the silioon 
fluoride then passes through the mercury, and only comes into contact with the water at 
its surface, and consequently the gas-conducting tube remains unobstructed. The silido 
add thus obtained soon settles, and a colourless solution with a pleasant but distinctly 
add taste is procured. 

Mackintosh, by taking 9 p.c. of hydrofluoric add, observed that in the course of an 
hour its action on opal attained 77 p.c. of the possible, and did not exceed 1} p.c of its 
possible action on quarts during the same time. This shows the difference of the 
structure of these two modifications of silica, which will be more fully described in the 
sequel. 
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the form of very fine octahedra, but the precipitate does not form 
quickly, and at first appears as a jelly. Nevertheless, the decomposi- 
tion is complete, and it is taken advantage of for obtaining their corro-* 
sponding acids from salts of potassium. 10 "• 

Silicon, having so much in common with carbon, is also able to 
oombine with it in the proportion given by the law of substitution, 
that is, it forms a carbide of silicon CSi, called carborundum and 
obtained by Miihlhauser and Acheson in the United States, and by 
Moissan in France (1891), and others, by reducing silica with carbon in 
the electrical furnace at a temperature of about 2500° u , i.e. by the 
action of an electrical -current upon a mixture of carbon and SiQ, 
with NaCl. After treating the resultant mass with acids and washing 
with water, carborundum is obtained in transparent, lustrous grains 
of a greenish color, possessing great hardness (greater than corundum) 
and therefore used for polishing the hardest kinds of steel and stones. 
The specific gravity is about 3*1. Carborundum does not alter at a 
red heat, does not burn, and apparently approaches the diamond in 
its properties. (Moissan obtained, 1894, a similar very hard com* 
pound for boron, B 6 C, sp. gr. 2-5.) 

According to the principle of substitution, if silioon forms SiH 4 , 
a series of hydrates, or hydroxy 1 derivatives, ought to exist 
corresponding to it. The first hydrate of an alcoholic charaoter 
ought to have the composition SiH s (OH) j the second hydrate 
SiH a (OH) a ; the third, SiH(OH) a ; » m» and the last, Si(OH) 4 . The 

io bto The sodium salt it far more soluble in water, end crystallises in the hexagonal 
system. The magnesium salt, MgSiF # , and calcium salt are soluble in water. The 
salts of hydrofluosilioio acid may be obtained not only by. the action of the acid on bases 
or by double decompositions, but also by the aotion of hydrofluoric acid on metallio 
silicates. Sulphurio acid decomposes them, with evolution of hydrofluoric acid and 
silicon fluoride, and the salts when heated evolve silicon fluoride, leaving a residue of 
metallio fluoride, R*F t . 

11 See Note 4 bis. Probably £chUUcnberger had already obtained CSi in his 
researches together with other silicon compounds, An amorphous, leas hard compound 
of the same alloy is also obtained together with the hard crystalline CSi. 

u sa The following consideration is very important in explaining the nature of the lower 
hydrates which are known for silicon. If we suppose water to be taken up from the first 
hydrates (just as formic acid is CH(OH) 5 , minus water), we shall obtain the various 
lower hydrates corresponding with silicon hydride. When ignited they should, like 
phosphorous and hypophosphorous acids, disengage silicon hydride, and leave a residue 
of silioa behind—*.*, of the oxide corresponding to the highest hydrate— just as organio 
hydrates (for example, formic acid with an alkali) form carbonic anhydride as the highest 
oxygen compound. Such imperfect hydrates of silicon, or, more correctly speaking, of 
silioon hydride, were first obtained by Wonler (1868) and studied by Geuther (186*), and 
were named after their characteristic colours. (See Note 6). 

Ltucone is a white hydrate of the composition SiH(OH) s . It is obtained by slowly 
passing the vapour of silicon chloroform into cold water : SiHClj + 8H,0 - SiH(OH) s + 8HCL 
Bui this hydrate, like the corresponding hydrate of phosphorus or carbon, does not 



Digitized by 



Google 



108 PRINCIPLES OF CHEMISTRY 

last is a hydrate of silica, because it is equal to SiO s +2H 2 ; and it 
is formed by the action of water on silicon chloride, when all four 
atoms of chlorine are replaced by four hydroxyl groups. It does not, 
however, remain in this state, but easily loses part of its water. 

Silica or silicic anhydride, both in the free state and in combination 
with other oxides, enters into the composition of most of the rocky 
formations of the earth's crust. These silicious compounds are sub- 
stances varying so much in their properties, crystalline forms, and rela- 
tions to one another that they are comprised in a special branch of 
natural science (like the carbon compounds), and are treated of in 
works on mineralogy ; so that, in dealing with them further, we shall 
cnly give a short description of these various compounds. It is first 
of all necessary to turn to the description of silica itself, especially as 
it is not unirequently met with in nature in a separate state, and often 
forms whole masses of rocky formations, called ' quartz.' In an anhy- 
drous condition silica appears in the greatest variety of natural forms— 
sometimes in well-formed crystals, hexagonal prisms, terminated by 
hexagonal pyramids. If the crystals are colourless and transparent, 
they are called rock crystal. This is the purest form of silica. Pris- 
matic crystals of rock crystal sometimes attain considerable size, and 
as they are remarkable for their unchangeability, great hardness, and 
high index of refraction, they are used for ornaments, for seals, 
making necklaces, Ac. 11 Rock crystal coloured with organic matter in 

remain in this state of hydration, bat loses s portion of its water. The carbon hydrate of 
this nature, CH(OH)* loses water and forms formic acid, CHO(OH) ; bnt the silicon 
hydrate loses a still greater proportion of water, 9SiH(OH) 5 , parting with SHjO, and 
consequently leering Si^H^O*. This substance most be an anhydride ; ell the hydrogen 
previously in the form of hydroxyl hes been disengaged, two remaining hydrogens being 
left from SiH«. The other similar hydrate is siso white, and has the composition SijHjO 
(nearly). It may be regarded as the above white hydrate + SiO*. A yellow hydrate, 
known as chrytecne (silicone), is obtained by the action of hydrochloric acid on an alloy 
of silicon and calcium; its composition is about Si^H^Oj. Most probably, however, 
chryseone has a more complex composition, and stands in the same relation to the hydrate 
8iH*(OH)3 as lencone does to the hydrate SiH(OH)j, because this very simply expresses 
the transition of the first compound into the second with the loss of water, 
SiH*(OH) 3 - H, + H^O « SiH(OH)3. When these lower hydrates are ignited without 
a c ce s s of air, they are decomposed into hydrogen, silicon, and silica—that is, it may be 
supposed that they form silicon hydride (which decomposes into silicon and hydrogen) 
and silica (just as phosphorous and hypophospborons acids give phosphoric acid and 
phosphuretted hydrogen). When ignited in sir, they burn, forming silica. They are 
none of them acted on by acids, but when treated with alkalis they evolve hydrogen and 
give silicates; for example, lencone : SiHtOj + 4KHO - SSiK^Oj + H*0 + &H*. Tbey 
have no acid properties. 

l * Two modifications of rock crystal are known. They are very easily ^iirt^g^™**** 
from each other by their relation to pcWised light ; one rotates the plane of polarisation 
to the right and the other to tfca left— in the one the hemihedral faces are right and in 
the other they are left ; this opposite rotatory power is taken advantage of in the con- 
strnotionofpolarisers. But, with this physical diflereoce which is naturally dependet 
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contact with which it has been produced has a brown or greyish colour, 
and then bears the name of cairngorm or smoky quartz. In this form it 
has the same uses as rock crystal, especially as it is often found in large 
masses. The same mineral, frequently occurs, coloured red or pink by 
manganese or iron oxides, especially in aqueous formations, and is 
then known as amethyst. When finely coloured the amethyst is used 
as a precious stone, but amethysts most frequently occur as small 
crystals in the cavities formed in other rocsy formations, and espe- 
cially in those formed in silica itself. A similar anhydrous silica 
is often found in transparent non-crystalline masses, having the 
same specific gravity as rock crystal itself (2*66). In this case it 
Is called quartz.. Sometimes it forms complete rocky formations, but 
more often penetrates or is interspersed through other rocky forma- 
tions, together with other siliceous compounds. Thus, in granite, 
quartz is mixed with felspar and similar substances. Sometimes the 
colouring of quartz is so considerable that it is hardly transparent in % 
thin sheets, but it is often found in transparent masses slightly coloured 
with various tints. The existence in nature of enormous masses of quartz 
proves that it resists the action of water. When water destroys rocky 
formations, the siliceous minerals which they contain are partly dis- 
solved and partly transformed into clay, &o. But the quartz remains 
untouched, in the form of grains in which it existed in the rocky 
formation ; sometimes, when crushed,, it is carried away by the water 
and deposited. This is tbe nature of sand. Naturally, sometimes 
other rocky substances which are not changed by water, or only 
slightly acted on by it, are found in sand ; but as these latter are more 
or less changed by the continuous action of water, it is not unusual to* 
find sand which consists almost entirely of pure quartz. Common sand 
is generally coloured yellow or reddish-brown by foreign mineral matter, 
consisting principally of ferruginous minerals and clays. The purest 
or so-called quartz sand is, however, rarely found, and is recognised by 
the absence of colour, and also by the test that when shaken in water 
it does not form any turbidity : this shows the absence of clay ; when 
fused with bases it forms a colourless glass, and on this account is a 
valuable material for the manufacture of glass. Sands were formed at 
ail periods of the earth's existence; the ancient ones, compressed by 
strata of more recent formation and permeated with various substances 
(deposited from the infiltrating water), are sometimes solidified into 

on a certain difference in the distribution of the molecules — there is not only no observ. 
able difference in the chemical properties, but not even in the density of the mass. Per- 
fectly pure red crystal is a substance which is most invariable with respect to its specific 
gravity. The numerous and accurate determinations made by Steinheil on the specific 
gravity of rock crystal show that (if the crystal be free from flaws) it is very constant 
and is equal to 2*66. 



Digitized by 



Google 



110 PRINCIPLES OF CHEMISTRY 

rock, called umcbtone, composing, in tome placet, whole mountain 
chains, and serviceable at a meet excellent building material, onaoeouni 
of the slight change it undergoes under the influence of atmospheric 
agencies, and on account of the facility with which it may be wrought 
from rocky formations into immense regularly-shaped flags — the latter 
pr op er ty is due to the primary laminar structure of the sand formations 
deposited, as above mentioned, by water. Many grindstones and whet- 
stones are made from such rocks. 

Perfectly pure anhydrous silica is not only known in the con- 
dition of rock crystal and quarts having a specific- gravity of 2*6, but 
also in another special form, having other chemical and physical pro- 
perties. This variety of silica has a specifio gravity of 2 2, and is 
formed by fusing rock crystal or heating silicic acid. Ilw * Silicic acid, 
when heated to a dull red heat, parts entirely with the water it 
•contains, and leaves an exceedingly fine amorphous mass of silica (easily 
levigated, but difficult to moisten) ; it is characterised by such excessive 
friability that, when lightly blown on, a large mass of it rises into the 
air like a cloud of dust. A mass of anhydrous silica maybe poured in 
this way from one vessel to another like a liquid, and like the latter it 
takes a horizontal position in the vessel containing it, 1 * Anhydrous 
silica, like quarts, does not fuse in the heat of a furnace, bat it fuses in 
the oxyhydrogen flame to a colourless glassy mass exactly similar to that 
formed in the same way from rock crystal. In this condition silica has 
a specifio gravity of 2*2. ! * **• Both forms of silica are insoluble in 

i* tb -Several other modifications are known at minute crystals. For example, there 
is a particular mineral first found in Styria and known as tridymiU. Its specifio gravity 
4*8 and form of crystals clearly distinguish it from rock crystal ; its hardness is the same 
ae that of quarts — that is, slightly below that of the ruby and diamond. 

15 There is a distinct rise of temperature (about 4°) when amorphous silica is 
moistened with water. Bensene and amyl alcohol also give an observable rise of 
temperature. Charcoal and sand give the same result, although to a less extent. 

15 **» 8ilioa also occurs in nature in two modifications. The opal and tripoli 
(infusorial earth) have a specifio gravity of about 9*2, and are comparatively easily 
soluble in alkalis and hydrofluoric acid. Chalcedony and flint (tinted quartsose 
concretions of aqueous origin), agate and similar lorins of silica of undoubted aqueous 
■origin, although still containing a certain amount of water, have a specific gravity of 9*6, 
and correspond with qusxts in the difficulty with which they dissolve. This form of 
■flic* sometimes permeates the cellulose of wood, forming one of the ordinary kinds of 
petrified wood. The silica may be extracted from it by the action of hydrofiuorio acid, 
and the cellulose remains behind, which dearly shows that silica in a soluble form (see 
sequel) has permeated into the cells, where it has deposited the hydrate, which has Ice* 
water, and given a silica of sp. gr. 9*6. The quartsose stalactites found in certain caves 
are also evidently of a similar aqueous origin ; their sp. gr. is also 9*6. As crystals 
of amethyst are frequently found among chalcedonies, and as Friedau and Serrau (1879) 
obtained crystals of rock crystal by heating soluble glass with an excess of hydrate of 
silica in a closed vessel, there is no doubt but that rock crystal itself is formed in the 
wet way from the gelatinous hydrate. Chroustchoff obtained it directly from soluble 
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ordinary acids, and even when they are in the state of powder, 
alkalis in solution act very slowly and feebly on them ; rock crystal 
offers much greater resistance to the action of alkalis than the 
powder obtained by heating the hydrate. The latter is quite soluble, 
although but slowly, in hot alkaline solutions. This last property 
appertains in a greater degree to anhydrous silica having a specific 
gravity of 2*2 than to that which has a specific gravity of 2*6. - Hydro- 
fluoric acid more easily transforms the former into silicon fluoride than 
it does the latter. Both varieties of silica, when taken in the form of 
powder, easily combine with bases, forming, on being fused with* 
an alkali, a vitreous slag, which is a salt corresponding with silica. 
Glass is such a salt, formed of alkalis and alkaline earthy bases ; if 
the glass does not contain any of the latter — that is, if only alkaline 
glass be taken—a mass soluble in water is obtained. In order to obtain 
such soluble glass, potassium or sodium carbonates, or better a mixture 
of the two (fusion mixture), is fused with fine sand. A still better 
and further saturation of the alkalis with silica is effected by ^ the action 
of alkaline solutions on the silicon hydrate met with in nature ; for 
instance, an alkaline solution is often made use of to act on the so- 
called tripoli, or collection of siliceous skeletons of the lowest micro- 
scopical infusoria, which is sometimes found in considerable layers in 
the form of a sandy mass. Tripoli is used for polishing, not only on 
account of the considerable hardness of the silica, but also because 
the microscopic bodies of the infusoria have a pointed shape, which, 
however, is not angular, so that they do not scratch metals like 
sand. 14 The alkaline solutions of silica obtained by boiling tripoli with 
caustic soda under pressure contain various proportions of silica 
and alkali. UbU In Order that it may contain the greatest amount of 

silica. Thus this hydrate is able to form not only the variety haying the specific gravity 
,2*2 bat also the more stable variety, of sp. gr. 2*0; and both exist with a small pro- 
portion of water and in a perfectly anhydrous state in an amorphous and crystalline 
form. All these facts are expressed by recognising silica as dimorphous, and their 
cause must be looked for in a difference in the degree of polymerisation. 

14 Deposits of perfectly white tripoli have been discovered near Batoum, and might 
prove of some commercial importance* 

h bti Alkaline solutions, saturated with silica and known as tolubU glau, are pre- 
pared on a large scale for technical purposes by the action of potassium (or sodium) 
hydroxide in a steam boiler on tripoli or infusorial earth, which contains a large propor- 
tion of amorphous silica. All solutions of the alkaline silicates have an alkaline reaction, 
and are even decomposed by carbonic acid. They are chiefly used by the dyer, for the 
same purposes as sodium aluminate, and also for giving a hardness and polish to stuooo 
and other cements, and in general to substances which oontain lime. A lump of chalk 
when immersed in soluble glass, or better still when moistened with a solution and 
afterwards washed in water (or better in hydrofluosilicic acid, in order to bind together 
the free alkali and make it insoluble), becomes exceedingly hard, loses its friability, 
is rendered oohesive, and cannot be levigated in water. This transformation is 
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silica, silicic acid should be added to the heated solution. Silicic 
acid is formed by taking any solution containing silica- and alkali, 
and adding to it, by degrees, some acid — for instance, sulphuric 
or hydrochloric; if the experiment Tbe carried on carefully and 
the solution be concentrated, the whole mass thickens to a jelly, 
due to the gelatinous form of the silicic acid separated from the 
salt by the action of the acid. The decomposition may be expressed 
by the following equation: Si(ONa) 4 + 4HCI = 4NaCl +Si(OH)4 
The hydrate separated, Si(OH)„ easily loses part of the water and 
forms a jelly, the- whole mass gelatinising if the solution be strong 
enough. 15 

Neither of the two varieties of anhydrous silica, nor the various 
natural gelatinous hydrates, are directly soluble in water. There is, 
however, a condition of silica known, which is soluble in water, 

due to the fact that the hydrate of ailioa present in the solution acta upon the lime, 
forming * atony mass of calcium silicate, whilst the carbonic acid previously in com* 
bination with the lime enters into combination with the alkali and is washed away by 
the water. 

w The equation given above does not express the actual reaction, for in the first 
place ailioa has the faculty of forming compounds with bases, and therefore the for- 
mula 8iNa«04 is not rightly deduced, if one may so express oneself. And, in the second 
place, silica gives several hydrates. In consequence of this, tbe hydrate precipitated 
does not actually contain so high a proportion of water as 8i(OH)4, but always leas. 
The insoluble gelatinous hydrate which separatee out is able (before, but not after, 
having been dried) to dissolve in a solution of sodium carbonate. When dried in air its 
composition correspond* with the ordinary salts of carbonic acid—that is, 8iHgOs, or 
8iO(OH) 9 . If gradually heated it loses water by degrees, and, in so doing, gives various 
degrees of combination with it. The existence of these degrees of hydration, having the 
composition SiH,0 3 nSi0 2 , or,Jn general, nSiOamHaO, where m<n, must be recognised,*; 
because most varied degrees of combination of silica with bases are known. The 
hydrate, of silica, when not dried above 80°, has a composition of nearly H^SijOf 
= (H a Si0 3 )<,Si0 2 , but at 60° contains a greater proportion of silica — that is, it loses still 
more water; and at 100° a hydrate of the composition SiH a O s 2Si02, and at 250° * 
hydrate having approximately a composition SiH a Oj7SiOj is obtained. 

These data show the complexity of the molecules of anhydrous silica. The hydrates 
of silica easily lose water and give the hydrates (SiC^^H^O)^ where m becomes 
smaller and smaller than n. In the natural hydrates, this decrement 6f water proceeds 
quite consecutively, and, so to say, imperceptibly, unto n becomes incomparably greater 
than m, and when the ratio becomes very large, anhydrous silica of the two modifications 
2*6 and 2*2 is obtained. The composition (SiO a ) l0 ,H a O still corresponds, with 2 9 p.c. of 
water, and natural hydrates often contain still less water than this. Thus some opals 
are known which contain only 1 p.c. of water, whilst others contain 7 and even 10 p.o 
As the artificially prepared gelatinous hydrate of silica when dried has many of the 
properties of native opals, and as this hydrate always loses water easily and con- 
tinually, there can be no doubt that the transition of (SiO a ) n (H 2 O m ) into anhydrous 
silica, both amorphous and crystalline (in nature, chalcedony), is accomplished gradually. 
This can only be the case if the magnitude of n be considerable, and therefore the 
molecule of silica in the hydrate is undoubtedly complex, and henoe the anhydrous 
silica of sp. gr. 2*2 and 2*6 does not contain Si0 2 , but a complex molecule, Si.O^— that 
is, the structure of silica is polymeric and complex, and not simple as represented above 
by the formula 8iOj. 
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soluble silica; and silica is found in this state in nature. Small 
quantities of soluble silica are met with in all waters. Certain mineral 
springs, and especially hot springs— of which the best known are the 
Geysers of Iceland and those in the North American National Park 
(Yellowstone Valley) — contain a considerable amount of silica in solu- 
tion. Such water, permeating the objects it meets with— for instance, 
wood— penetrates into them and deposits silica inside them, that is, 
transforms them into a petrified condition. Siliceous stalactites, 
and also many (if not all) forms of silica are formed by such water. 
The absorption of silica by plants by means of their roots, and 
also by the lower organisms having siliceous bodies, is due also to 
their nourishing themselves with the solutions containing silica 
continually formed in nature. Thus, in plants, in the straws of 
the grasses, in hard shave-grass, and especially in the knots of 
bamboo and other straw-like plants, a considerable quantity of 
silica is deposited, which must previously have been absorbed by the 
plants. 

Silicic acid is a colloid. The gelatinous silicon hydrate is ita 
hydrogel, the soluble hydrate is the hydrosol (Chapter XII.) Both 
varieties may be easily obtained from the alkaline silicates and from 
water-glass. The very same substances — that is, aqueous solutions of 
soluble glass and acid— taken in the same proportion, may produce 
either the gelatinous or the soluble silica, according to the way those 
solutions are mixed together. If the acid be added little by little to the 
alkaline silicate, with continuous stirring, a moment arrives when the 
whole mass thickens to a jelly, hydrogel ; in this case the silicic acid is 
formed in the midst of the alkaline solution and becomes insoluble. 
But if the mixing be done in the reverse order — that is, if the soluble 
glass be added to the acid, or if a quantity of acid be rapidly poured into 
the solution of the salt—then the separation, of the silica takes place 
in the midst of the acid liquid, and it is obtained in the form of the 
soluble hydrate, the hydrosol. 16 

10 The presence of an excess of acid aids the retention of the silica in the solution, 
because the gelatinous silica obtained in the above manner, but not heated to 60°««- 
that is, containing more water than the hydrate H 2 Si0 3 — is more soluble in water contain- 
ing acid than in pure water. This would seem to indicate a feeble tendency of silica to 
combine with acids, and it might even have been imagined that in such a solution the 
hydrate of silica is held in combination-hy an exeess of acid, had Graham not obtained 
soluble silica perfectly free from acid, and if there were not solutions of silica free from 
any acid in nature. At all events a tolerably strong solution of free silica or silicic 
acid may be obtained from soluble glass diluted with water. The solution, besides silica, 
will contain sodium chloride and an excess of the acid taken. If this solution remains for 
some time .exposed to the air, or in a closed vessel, and under various other conditions, 
it is found that, after a time, insoluble gelatinous silica separates out— that is, the soluble 
form of silica is unstable, like the soluble form of alumina. The analogous forms of 
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Tbe nydrosol of silica prepared bymixing an excess of hydrochlorio 
acid with a solution of sodium silicate, may be freed from the admix- 
tures both of hydrochloric acid and salt, sodium chloride, by means of 
dialysis, 17 as Graham showed (in 1861) in, enquiring into the nature of 
colloids (Chapter I.), and making many other important chemical in- 
yestigations. Tho solution, containing the acid, salt, and silica, all 
dissolved in water, is poured into a dialyser — that is, a vessel with a 
porous diaphragm surrounded by water. Certain substances pass more 
easily through the diaphragm than others. This may be represented 
thus : the passage through the diaphragm proceeds in both directions, 
and if the solutions on each side of the diaphragm be equally strong, 
there will be equal numbers of molecules of the soluble substance 
passing into either side in a given time, some passing quickly and 
others slowly. The metallic chlorides and hydrochloric acid belong to 
the series of crystalloids which easily pass through a diaphragm, and 
therefore tho hydrochloric acid and sodium chloride contained in the 
above-mentioned dialyser pass from the solution through the diaphragm 
into the water of the external vessel with considerable rapidity. The 
aqueous solution of colloidal silica also penetrates through the diaphragm, 
but very much more slowly. But if the amount of the substance 
dissolved is not equal on either side of the diaphragm, the whole 
system strives to attain a state of equilibrium ; that is, the given 
substance penetrates through the diaphragm from the. side where it 
is in excess to the pari where there is a smaller quantity of it. All sub- 
stances which are soluble in water have tbe faculty of penetrating 
through a membrane swollen in water, but the velocity of penetration 
is not equal, and in this respect the dialyser separates substances like 
a 6ieve. The silica passes less rapidly through the diaphragm than the 
sodium chloride and hydrochloric acid, so that by repeatedly changing 
the external water it is easy to effect the extraction of the chlorine 
compounds from the dialyser, which will finally only contain a solution 
of silica. This extraction (of HC1 and NaCl) may be so complete that 
the liquid taken from the dialyser will not give any precipitate with a 
sol nt ion of silver nitrate. Graham obtained in this way soluble silica 
having a distinctly acid reaction, which, however, disappeared on the 
addition of a very minute quantity of alkali ; for ten parts of silica in 
the solution it was sufficient to take one part of alkali in order to give the 

molybdic or tongttio acid* may be heated, evaporated, and kept for a long period of time 
without the soluble form being oonverted into the insoluble. 

v 8es Chapter L, Note 18. A eolation of wafcsr-glass mixed with an exoess of hydro- 
chloric acid is poured into the dialyser, and the outer vessel is filled with wafer, whioh it 
continually renewed. The water oames off the sodium chloride and hydrochloric add, 
and the hydroeol remains ia the dialyser. 
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liquid an alkaline reaction, so slightly energetic are the acid properties 
of silicic acid. The solution of silica obtained by this method' becomes 
gelatinous on standing, on being heated, or on evaporation under the 
receiver of an air-pump, &c. The hydrosol is transformed into the 
hydrogel, the soluble hydrate into the gelatinous. 

Thus in addition to the gelatinous* form of the silicic acid, there 
exists also a variety of this substance, soluble in water, as is the case 
with alumina. Such variation in properties and exactly the same rela- 
tions with regard to water characterise an immense series of other 
substances having a great significance in nature. The number of such 
substances is especially great among organic compounds, and par- 
ticularly in those classes of them which compose the principal material 
of the bodies of animals and plants. It is sufficient to mention, for 
instance, the gelatin which is familiar to all as carpenter's and other 
glues, and in the form of size and jelly. The same substance is also 
known in the solution which is used to join objects together. In a 
peculiar insoluble condition it enters into the composition of hides and 
bones. These various forms of gelatin differ in the same way as the 
different varieties of silica. The property of forming a jelly is exactly 
the same as in silica, and the adhesiveness of the solutions of both sub- 
stances is identical ; soluble silica adheres like a solution of gelatin. 
The same properties are again shown by starch, rosin, and albumin, 
and by a series of similar substances. The diaphragms used in dia- 
lysis are also insoluble, gelatinous, forms of colloids. The bodies of 
animals and plants consist largely of similar matter, insoluble. in water, 
corresponding witH the gelatinous or insoluble silicon hydrate, or with 
glue. The albumin which coagulates when eggs are boiled is a typical 
form of the gelatinous condition of such substances in the body. 
These slight indications are sufficient in order to show how great is 
the significance of those transformations which are so well marked 
in silica. The facts discovered by GraJiam in 1861-1864 comprise the 
most essential acquisitions in the general association of these pheno- 
mena of nature in the history of organic forms. The facility of transit 
from hydrogel to hydrosol is the first condition of the possibility of 
the development of organisms. The blood contains hydrosols, and the 
hydrogels of the same substances are contained in the muscles and tis- 
sues, and especially on the surface, of the body. All tissues are formed 
from the blood, and in that case the hydrosols are converted into hydro- 
gels. 18 The absence of crystallisation, the property, apparently under 
the influence of feeble agencies, of- passing from the soluble condition to 

11 A sunflsr process occurs in plants— for example, when they secrete s store of msto- 
tkl lot the following year in their bulbs, roots, 6c. (for instsnoe, the potato in its tubers), 

*6 
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the insoluble, to the gelatinous condition of the hydrogel, constitute 
the fundamental properties of all colloids. 19 

Silica, as regards its salt forming properties, stands in the series 
of oxides on the boundary line on the side of the acids in just such a 
place as alumina occupies on the side of the bases — that is, aluminium 
hydroxide is the representative of the feeblest bases and silicic acid 
is the least energetic of acids (at least in the presence of water— that 
is, in aqueous solutions) ; in alumina, however, the basic properties 
are distinctly expressed, while in silica the acid properties preponderate. 
Like all feeble acid oxides it is capable of forming, with other acids, 
saline compounds which are but slightly stable and are very easily 
decomposed in the presence of water. The chief peculiarity of the silicates 
consists in the number of their types. The salts formed with nitric or 
sulphuric acid exist in one, two, and three tolerably stable forms, but 
for acids like silicic acid the number of forms is very great, almost 
unlimited. The natural silicates in particular furnish proof of this 
fact ; they contain various bases in combination with silica, and for 
one and the same base there often exist various degrees of combination. 
As feeble bases are capable of forming basic salts in addition to normal 
salts — that is, a compound of a normal salt with a feeble base (either 
the hydroxide or the oxide) — so the feeble acid oxides (although 
not all) form, in addition to normal salts, highly acid salts — that is, 
normal salts plus acid (hydrate or anhydride). Such acids are boric, 
phosphoric, molybdic, chromic, and especially silicic, acid. 

In order to explain these relations it is necessary first to recollect 
the existence of the various hydrates of silica, or silicic acids, 20 and then 

the solutions from the leaves and stems penetrate into the roots and other parts in the 
form of hydrosols, where they are converted into hydrogels— that is, into an insoluble form, 
which is acted on with difficulty and is easily kept unaltered until the period of growth 
—for example, until the following spring— when they are re-converted into hydrosols, and 
the insoluble substance re-enters into the sap, and serves as a source of the hydrogels in 
the leaves and other portions of plants. 

19 As regards their chemical composition the colloids are very complex— that is, they 
have a high molecular weight and a large molecular volume— in consequence of which they 
do not penetrate through membranes, and are easily subject to variation in their physical 
and chemical properties (owing to their complex structure and polymerism ?) They have 
but little chemical energy, and are generally feeble acids, if belonging to the order of 
oxides or. hydrates, such as the hydrates of molybdic and tungstic acids (Chapter XXL). 
But now the number of substances capable, like colloids, of passing into aqueous solutions 
and of easily separating out from them, as well as of appearing in an insoluble form, must 
be supplemented by various other substances, among which soluble gold and silver 
(Chapter XXTV.) are of partioular interest. So that now it may be said that the capacity 
of forming colloid solutions is not limited to a definite class of compounds, but is, if not 
a general, at all events, an exceedingly widely distributed phenomenon. 

*> This is in accordance with the generally-accepted representation of the relations 
between salts and the hydrates oi acids, but it is of little help in the study of silioeous 
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to turn our attention to the similarity between silicon compounds and 
metallic alloys. Silica is an oxide having the appearance of, and in 
many respects the same properties as, those oxides which combine with 
it, and if two metals are capable of forming homogeneous alloys in 
which there exist definite or indefinite compounds, it is permissible to 
assume a similar power of forming alloys in the case of analogous oxides 
Such alloys arc found in indefinite, amorphous masses in the form of 
glass, lava, slags, and a number of similar siliceous compounds which 
do not contain any definite types of combination, but nevertheless are 
homogeneous throughout their mass By slow cooling, or under other 
circumstances, definite crystalline compounds may — and sometimes do 
— separate from this homogeneous mass, as also sometimes definite 
crystalline alloys separate from metallic alloys 

The formation of crystalline rocks in nature is partly of such a 
nature. By aqueous or igneous agency, but in any case in a liquid 
condition, tho60 oxides which form the earth's crust and her crystalline 
minerals came into mutual contact. First of all they formed a shape- 
less mass, of which lava, glass, slags and solutions are examples, but 
little by little, or else suddenly, some definite compounds of certain 
oxides existing in this alloy or in the shapeless mass were formed. This 

compounds Generally speaking, it becomes necessary to explain the property of 
<8iOa)« to combine with (RO)m, where n may be greater than m, and where R may be 
H,,CV &c. Here we are aided by those facts which have been attained by the investiga- 
tion of carbon compounds, especially with respect to glycol. Glycol is a compound having 
the composition C^HoO?, only differing from alcohol, C 3 H a O, by an extra atom of oxygen 
This hydrate contains two hydroxy 1 groups, which may be successively replaced by 
chlorine, Arc. Hence the composition of glycol should be represented as C)H 4 (OH) t . 
It has been found that glycol forms so-called polyglycols. Their origin will be under- 
stood -from the fact that glycol as a hydrate has a corresponding anhydride of the 
composition C a H 4 0, known as ethylene oxide. This substance is ethane, C 3 H«, in which 
two hydrogens are replaced .by one atom of oxygen. Ethylene oxide is not the only 
anhydride of glycol, although it is the simplest one, because C 9 H,0 - GjH 4 (OH)? - H./X 
Various other anhydrides of glycol are possible, and have actually been obtained, of the 
composition nC^IOH), - (n - 1)H,0 = (C*H 4 ),,Oa - i(OH) r These imperfect anhy- 
drides of glycol, or polyglycoU, still contain hydroxyls like glycol itself, and therefore 
are of an alcoholic character in the same sense aB glycol itself. They are obtained by 
various methods, and, amongst others, by the direct combination of ethylene oxide with 
glycol, because C^tOH), + (n - 1)0*^0 = (C,IL,),,0, - i(OH),. The most important 
circumstance, from a theoretical point of view, is that these polyglycols may be distilled 
without undergoing decomposition, and that the general formula given above expresses 
their actual molecular composition. Hence we have here a direct combination of the anhy- 
dride with the hydrate, and, moreover, a repeated one. The formula A„H jO may be used 
to express the composition of glycol and polyglycols with respect to ethylene oxide in the 
most simple manner, if A stand for ethylene oxide. When n ■ 1 we have glycol, when 
n is greater than 1 a polyglycol. Such also is the relationship of the salts of hydrate of 
silica, if A stand for silica, and if we imagine that H 2 may also be taken m times. 
Such a representation of the polytilicic acidn corresponds with the representation of the 
polyraerism of silica. Laurent supposed the eiistence of several polymeric forms, StfOt, 
8i*O e , &&, besides silica, 3iO« 
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is entirely similar to two metals forming a homogeneous alloy, 21 and 
under known circumstances (for instance, on cooling the alloy, or in 
the case of aqueous solution when the two metals are simultaneously 
liberated from the solution), definite crystalline compounds are 
separated. In any case there is no doubt that there is less distinc- 
tion between silica and bases, than between bases and such anhydrides 
as, for instance, sulphuric or nitric, or even carbonic, as is seen on 
comparing the physical and chemical properties of silica and various 
kinds of oxides. Alumina, especially, is exceedingly near akin to 

n For us the Utter have not a saline character, only because they are not regarded 
from this point of view, but an alloy, of sodium and zinc is, in a broad sense, a salt in many- 
of its reactions, for it is subject to the same double decompositions as sodium phosphide 
or sulphide, which clearly have saline properties. The latter (sodium phosphide), when 
heated with ethyl iodide, forms ethyl phosphide, and the former— i.e. the alloy of tine 
and sodium — gives zinc ethyl ; that is, the element (P, S, Zn) which was united with the 
sodium passes into combination, with the ethyl : RNa + EtI = REt + Nal. By com- 
bining sodium successively with chlorine, sulphur, phosphorus, arsenic, antimony, tin, 
and rinc, we obtain substances having less and less the ordinary appearance of salts, but 
if the alloy of sodium And zinc cannot be termed a salt, then perhaps this name cannot be 
given 'to sodium sulphide, and the compounds of sodium with phosphorus. The following 
circumstance may also be observed : with chlorine, sodium gives only one compound (with 
oxygen, at the most three), with sulphur five, with phosphorus probably still more, with 
antimony naturally atill more, and the more analogous an element is to sodium, the more 
varied are the proportions in which it is able to combine with it, the less are the altera- 
tions in the properties which take place by this combination, and the nearer does the 
compound formed approach to the class of compounds known as indefinite chemical 
compounds. In this sense a siliceous alloy, containing silica and other acids, is a 
salt. The oxide to a certain extent plays, the same part as the sodium, whilst the silica 
plays the part of the acid element which was taken up successively by zinc, phosphorus, 
sulphur* &c, in the above examples. Such a comparison of the silica compounds with 
alloys presents the great advantage of including under one category the definite and 
indefinite silica compounds which are so analogous in composition — that is, brings 
under one head such crystalline substances as certain minerals, and such amorphous 
substances as are frequently met with in nature, and are artificially prepared, as glass, 
slags, enamels, Ac. 

If the compounds of silica are substances like the metallic alloys, then (1) the chemical 
union between the oxides of which they are composed must be a feeble one, as it is in all 
compounds formed between analogous substances. In reality such feeble agencies as 
water and carbonic acid are able, although slowly, to act on and destroy the majority 
of the complex silica compounds in rocks, as we saw in the preceding chapter;. (9) 
their formation, . like that of alloys, should not be accompanied by a considerable 
alteration of volume ; and this is actually the case. For example, felspar has a specific 
gravity of about 2*6, and therefore, taking its composition to be K 2 0,Al a O3,6SiO 2 , we find 
its volume, corresponding with this formula, to be 656*8. 2*6 « 214, the volume of K?0«35, 
of AL,0 3 = 26, and of 8iO a -22*6. Hence the sum of the volumes of the component 
oxides, 85 + 26 + x 22*6 » 196, which is very nearly equal to that of the felspar; that is, 
its formation is attended by a slight expansion, and not by contraction, as is the case in 
the majority of other oases when combinations determined by strong affinities are 
accomplished. In the case in question the same phenomenon is observed as in solutions 
and alloys — that is, as in cases of feeble affinities. 8o also the specific gravity of glass* 
is directly dependent on the amount of those oxides which enter into its composition. If 
111 the preceding example we take the sp. gr. of silica to be, not 2*65, but 2*2, its volume* 
"27 8, and the sum of the volumes will be -224— that is, greater than that of orthoclasev 
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silica ; not only in the hydrated state, but also in tbe anhydrous 
condition, there exists a certain similarity between the crystalline forms 
of alumina and silica, in the uncoinbined state. Both are very hard, 
transparent, inactive, non -volatile, infusible, and crystallise in the 
hexagonal system — in a word, they are remarkably similar, and for this 
reason they are capable, like two kindred metals, of entering into many 
different degrees of combination. Isomorphous mixtures — that is, differ- 
ing by the substitution of oxides akin both in their physical and chemical 
characters — are very frequently met with among minerals, and the 
study of the latter gave the principal impetus to the study of iso- 
morphism. Thus, in a whole series of minerals, lime and magnesia are 
found in variable and interchangeable proportions. Exactly the same 
may be said of potassium and sodium, of alumina and ferric oxide, 
of manganous, fefrous, magnesium oxides, «fcc. Such isomorphism 
does not, however, extend without change of form and properties 
beyond certain rather narrow limits. 22 What I mean by this is that 

19 It is, however, easy to imagine, and experience confirms the supposition, that in a 
complex siliceous compound containing for instance sodium and calcium, the whole of the 
sodium may be replaced by potassium, and at the same time the whole of the calcium 
by magnesium, because then the substitution of potassium for the sodium will produce a 
change in the nature of the substance contrary to that which will occur from the calcium, 
being replsced by magnesium. That increase in weight, decrease in density, increase of 
chemical energy, which accompanies the exchange of sodium for potassium will, so to 
speak, be compensated by the exchange of calcium for magnesium, because both in 
weight and in properties the sum of Na + Ca is very near to the sum of K + Mg. 
Pyroxene or augite can be taken as an example ; its composition may be expressed by 
the formula CaMgSi a O fl ; that is, it corresponds with the acid H 2 Si0 3 ; it is a bisilicate. 
In many respects it closely resembles another mineral called ' spodumene ' (they are 
both monoclinic). v This latter has the composition LioAlgSi^O^. On reducing both 
formule to an equal contents of silica the following distinction. will be observed between' 
them: spodumene (Li*0) 6 ( AL,O 3 ) 9 30SiO, ; augite (CaO) li (MgO), 5 80SiO a - That is, the 
difference between them consists in the sum Of the magnesia and lime (MgO)u + (CaO)^ 
replacing the sum of the lithium oxide and alumina (Li 2 0) fl + (Al a 5 )e ; and in the 
chemical relation these sums are near to one another, because magnesium and calcium, 
hoth in forms of oSIdation and in energy (as bases), in all respects occupy a position 
intermediate between lithium and aluminium, and therefore the sum of the first may be 
replaced by the sum of the second. 

If we take the composition of spodumene, as it is often represented to be, 
Li^OtAl^OsfiSiO?, the corresponding formula of augite will be (CaO^MgOfoyiSiOj, 
and also the amount of oxygen in the sum of Li,OAL0 5 will be the same as in (CaO) 2 (SigO) 9 . 
I may remark, for the sake of clearness, that lithium belongs to the first, aluminium to the 
third group, and calcium and magnesium to the intermediate second group ; lithium, like 
calcium, belongs to the even series, and magnesium and aluminium to the uneven. 

The representation of the substitutions of analogous compounds here introduced was 
first deduced by me in 1856. It finds much confirmation in facts which have been sub- 
sequently discovered— for example, with respect to tourmalin. Wiilfing (1888), on the 
basis of a number of analyses (especially of those by Rbggs), states that all Varieties con- 
tain an isomorphous mixture of alkali and magnesia tourmalin ; into the /Composi- 
tion of the former there enters 12Si0 2 ,3B Q Oj,8Al20j, 4 2Na a O,4H 9 0, and of the' latter 
iaSiO*8B t 05 1 5Al i Oj f iaMgO,8H,0. Hence it is seen that the former contains in addition 
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lime is not always replaced totally, but ofteu only in small quantities, 
by magnesia, or by the manganous and ferrous oxides, without changing 
the crystalline form. The same may be observed with regard to potassium 
and lithium, which may be in part, but not completely, replaced by 
sodium On the total substitution of one metal for another, often 
(although not invariably) the entire nature of the substance is changed ; 
for instance, *nstatite (or bronzite) is a magnesium bisilicate with a 
small isomorphous substitution of calcium for magnesium , its com- 
position is expressed by the formula MgSi0 8 , it belongs to the rhombic 
system. On the entire substitution of calcium, wollastonite, CaSi0 4 , 
of the monoclinic system, is obtained ; when manganese is substituted, 
rhodonite, of the triclinic system, is produced ; but in all of them the i 
angles of the prism are 86° to 88° n 

the sum of 8Al 2 03,2Na^O,H 2 0, whilst in the latter this sum of oxides it replaced by 
12MgO, in which there is as much oxygen as in the sum of the more clearly-defined base 
3Na?0 and less basic 8A1 2 5 H 9 — that is, the relation is just the same here as between 
augite and spodumene. 

° With respect to the silica compounds of the various oxides, it must be observed 
that only the alkali salts are known in a soluble form ; all the others only exist in an 
insoluble form, so that a solution of the alkali compounds of silica, or soluble glass, give* 
a precipitate with a solution of the salts of the majority of other metals, and this pre- 
cipitate will contain the silica compounds of the other bases. The maximum amount of 
the gelatinous hydrate of sUica, which dissolves in caustic potash, corresponds with the 
formation of a compound, 2K 2 0,9Si0 2 . But this compound is partially decomposed, with 
the precipitation of hydrate of silica, on cooling the solution. Solutions containing a 
smaller amount of silica may be kept for an indefinite time without decomposing, and 
silica does not separate out from the solution ; but such compounds crystallise from the 
solutions with difficulty However, a crystalline bisilicate (with water) has been obtained 
for sodium having the composition Na^O.SiOa — i.e. corresponding to sodium carbonate. 
The whole of the carbonic acid is evolved, and a similar soluble sodium metasilicate is 
obtained on fusing 35 parts of sodium carbonate with 2 parts of silica. If less silica be 
taken a portion of the sodium carbonate remains undecomposed ; however, a substance 
may then be obtained of the composition Si(ONa) 4 , corresponding with orthosilicic acid. 
It contains the maximum amount of sodium oxide capable of combining with silica under 
fusion. It is a sodium orthosilicate, (Na 2 0),,SiO ? . 

Calcium carbonate, and the carbonates of the alkaline earths in general, also evolve 
all their carbonic acid when heated with silica, and in some instances even form somewhat 
fusible compounds. Lime forms a fusible slag of calcium silicate, of the composition 
CaO,Si0 2 and 2CaO,3Si0 2 . With a larger proportion of silica the slags are infusible in a 
furnace. The magnesium slags are less fusible than those with lime, and are often 
formed in smelting metals. Many compounds of the metals of the alkaline earths with 
silica are also met with in nature. For instance, among the magnesium compounds there 
is olivine, (MgO^.SiO?, sp. gT. 8 4, which occurs in meteorites, and sometimes forma a 
precious 6tone (peridote), and occurs in sings and basalts. It is decomposed by acids, it 
infusible before the blow-pipe, and crystallises in the rhombic system. Serpentine hat 
the composition aMgO,2SiO a ,2H 2 ; it sometimes forms whole mountains, and is dis- 
tinguished for its great cohesiveness, and is therefore used in the arts. It is generally 
tinted green ; its specific gravity is 25 ; it is exceedingly infusible, even before the blow- 
pipe. It is acted on by acids Among the magnesium compounds of silica, talc is very 
widely used It is frequently met with in rocks which are widely distributed in nature, 
and sometimes in compact masses; it can be used for writing like a slate pencil or chalk, j 
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The most remarkable complex siliceous compounds are the felspars, 
which enter into nearly all the primary rocks like porphyry," granite, 
gneiss, .fcc These felspars always contain, in addition to silica and 
alumina, oxides presenting more marked basic properties, such as potash, 
soda, and lime. Thus the orthoclase ^adularia), or ordinary felspar 
(monoclinic) of the granites, contains K 2 0,Al 2 3 ,GSi0 2 ; atbite contains 
the same substances, only with Na 2 instead of K 2 (it already apper- 
tains to the friclinic system) , anurthite contains lime, and its composi 
tion. is CaO,Al. 2 3 ,2Si0 2 On expressing the two last as containing 
equal quantities of oxygen, we have • — 

Albite Na 2 Al 2 Si 6 O l6 
Anorthite Ca 3 Al 4 Si 4 O l6 

It is then evident that on the conversion of albite into anorthite, Na 2 Si 2 
is replaced byCa 2 Al. 2 ,and this sum, both in chemical energy and in the 
form of oxide, may be considered as corresponding with the first, because 
qodium and silicon are extreme elements in chemical character (from 
groups I. and IV.), and calcium and aluminium are means between 
them (from groups II. and III.), and actually both these felspar mine- 
rals are not only of one (triclinic) system, but form (Tchermak, 
Schuster) all possible kinds of definite compounds (isomorphous 
mixtures) between themselves, as indicated by their composition and 
all their properties. Thus oligoclase, andesine, labradorite, &c. (plagio- 
clases), are nothing more than mutual combinations of albite and 
anorthite. Labradorite consists of albite, in combination with 1 to 2 mole- 
cules of anorthite. The class of zeolites corresponds to the felspars ; they 
are hyd rated compounds of a similar composition to the felspars Thus 
natrolite contains Na 2 0,Al 2 3 ,3Si0 2 ,2H 2 0, and analcime presents the 
same composition, but contains 4Si0 2 instead of 3Si0 2 . In general, 

and being greasy to the touch, is also known as steatite. It crystallises in the rhombic 
system, and resembles mica in many respects; like it, it is divisible into larainsB, greasy 
to the touch, snd having a sp. gr. 2*7. These laminae are very soft, lustrous, and 
transparent, and are infusible and insoluble in acids. The composition of talc approaches 
nearly to 6MgO,5Si0 2 ,2H?0. 

Among the crystalline silicates the following minerals are known: — Wollattonit* 
(tabular- spar), crystallises in the monoclinic system; sp. gr. 2*8; it is semi-transparent, 
difficultly fusible, decomposed by acids, and has the composition of a metasilicate, 
CaOSiCV But isomorphous mixtures of calcium" and magnesium silicates occur with 
particular frequency in nature. The- augites (sp. gr. 88), diallages, hypersthenes, horn* 
blendes (sp. gr. 81), amphiboles, common asbestos, and many similar minerals, some- 
times forming the essential parts of entire rock formations, contain various relative 
proportions of the bisilicates of calcium and magnesium partially mixed with other 
metallic silicates, and generally anhydrous, or only containing a small amount of water. 
In the pyroxenes, as a rule, lime predominates, and in the amphiboles (also of the 
monoclinic system) magnesia predominates Details upon this subject must be looked 
lor in works upon mineralogy. 
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the felspars and zeolites contain RO t Al s O s ,nSiO t> where n varies con- 
siderably. 24 

Such complex silicates are generally insoluble in water," and if 

** The majority of the siliceous minerals hare now been obtained artificially under 
various conditions. Thus N. N.'Sokoloff showed that slags very frequently contain 
peridote. Hautefeuille, ChroustchofF, Friedel, and Sarasin obtained felspar identical in 
all respects with the natural minerals. The details of the methods here employed must 
be looked lor in special works on mineralogy ; but, as an example, we will describe the 
method of the preparation of felspar employed by Friedel and Sarasin (1881). From 
the fact that felspar gives up potassium silicate to water even at the ordinary tem- 
perature (Debray's experiments), they concluded that the felspar in granites had an 
aqueous origin (and this may be supposed to be the case from geological data) ; then, in 
the first place, its formation could not be accomplished unless in the presence of an 
excess of a solution of potassium silicate. In order to render this argument clear I 
may mention, as an example, that carnallite is decomposed by water into easily soluble 
magnesium chloride and potassium chloride, and therefore if it is of aqueous origin it. 
could not be formed otherwise than from a solution containing an excess of magnesium 
chloride, and, in the second place, from a strongly-heated solution ; again, felspar itself 
and its fellow-components in granites are anhydrous. On these facts were based 
experiments of heating hydrates of silica with alumina and a solution of potassium 
silicate in a closed vessel. The mixture was placed in a sealed platinum tube, which 
was enclosed in a steel tube and heated to dull redness. When the mixture con- 
tained an excess of silica the residue contained many crystals of rock crystal and 
tridymite, together with a powder of felspar, which formed the main product of the 
reaction when the proportion of hydrate of silica was decreased, and a mixture of a 
solution of potassium silicate with alumina precipitated together with the silica by mixing 
soluble glass with aluminium chloride was employed. The composition, properties, and 
forms of the resultant felspar proved it to be identical with that found in nature. The 
experiments approach very nearly to the natural conditions, all the more as felspar and 
quartz are obtained together in one mixture, as they so often occur in nature. 

" The application of cements is based on this principle ; they are those sorts of 
' hydraulic ' lime which generally form a stony mass, which hardens even under water, 
when mixed with sand and water. 

The hydraulic properties of cements are due to their containing calcareous and silico- 
aluminous compounds which ore able to combine with water and form hydrates, which 
are then unacted on by water. This is best proved, in the first place, by the fact thai 
certain slogs containing lime and silica, and obtained by fusion (for example, in blast- 
furnaces), solidify like cements when finely ground and mixed with water ; and, in the 
second place, by the method now employed for the manufacture of artificial cements 
(formerly only peculiar and comparatively rare natural products were used). For this 
purpose a mixture of lime and clay is token, containing about 25 p.c. of the latter ; this 
mixture is then heated, not to fusion, but until both the carbonic anhydride and water 
contained in the clay are expelled. This mass when finely ground forms Portland cement, 
which hardens under water. The process of hardening is based on the formation of 
chemical compounds between the lime, silica, alumina, and water. These substances are 
also found combined together in various natural minerals— for example, in the zeolites, 
as we saw above. In all cases cement which has set contains a considerable amount of 
water, and its hardening is naturally due to hydration — that is, to the formation of 
compounds with water. "Wei 1- prepared and very finely-ground cement hardens 
comparatively quickly (in several days, especially after being rammed down), with 8 parts 
(and even more) of coarse sand and with water, into a stony mass which is as hard and 
durable as many stones, and more so than bricks and limestone. Hence not only all 
maritime constructions (docks, ports, bridges, <fcc), but also ordinary buildings, are made 
of Portland cement, and are distinguished for their great durability. A combination of 
ironwork (ties, girders) and cement is particularly suitable for the construction of aqu*» 
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they undergo change in it, it id but very slow, and more often only io 
the presence of carbonic acid. Some of the silicates which are insoluble 
in water are easily and directly decomposed by acids \ for instance, the 
zeolites and those fused silicates which contain a large quantity of 
energetic bases — such as lime. Many of the silicates, like glass, 26 are 

ducts, arches, reservoirs, Ac. Arches and walls made of such cements may be much 
less thick than those built up of ordinary stone. Hence' the production and use of 
cement rapidly increases from year to year. The origin of accurate data respecting 
cements is chiefly duo to VTcat. In Russia Professor Schuliachenko has greatly aided 
the extension of accurate data concerning Portland cement. Many works for the manu- 
facture of cement have already been established in various parts of Russia, and this 
industry promises a great future in the arts of construction. 

M Glass presents a similar complex composition, like that of many minerals. The 
ordinary sorts of white glass contain about 75 p.c. of silica, 13 p.o. of sodium oxide, and 
12 p.c of lime ; but the inferior sorts of glass sometimes contain up to 10 p.c. of alumina. 
The mixtures which are used for the manufacture of glass aro also most varied. For 
example, about SCO parts of pure sand, about 100 parts of sodium carbonate, and 50 of 
limestone are taken, and sometimes double the proportion of the latter. Ordinary toda* 
glass contains sodium oxide, lime, and silica as the chief component parts. It is gener- 
ally prepared from sodium sulphate mixed with charcoal, silica, and lime (Chapter XII.), 
in which case the following reaction takes place at a high temperature * NajSO« + C + SiOj 
eNa^SiOj + SOj + CO. Sometimes potassium carbonate is taken for the preparation of 
the better qualities of glass. In this case a glass, potash-glass, is obtained containing 
potassium oxide instead of sodium oxide. The best-known of these glasses is the so- 
called Bohemian glass or crystal, which is prepared by the fusion of 50 parts of potassium 
carbonate, 15 parts of lime, and 100 parts of quartz. The preceding kinds of glass contain 
lime, whilst crystal glass contains lead oxide instead. Flint glass— that is, the lead glass 
used for optical instruments— is prepared m this manner, naturally from the purest 
possible materials. Crystal-glass— i.e. glass containing lead oxide — is softer than 
ordinary glass, more fusible and has a higher index of refraction. However, although 
the materials for the preparation of glass be most carefully Sorted, a certain amount 
of iron oxides falls into the glass and renders it greenish. This coloration may 
be destroyed by adding a number of substances to the vitreous mass, which are ablo 
to convert the ferrous oxide into ferric oxide ; for example, raanganeso peroxide 
(because the peroxide is deoxidised to manganous oxide, which only gives a pale violot 
tint to the glass) and arsenious anhydride, which is deoxidised to arsenic, and this is 
volatilised. The manufacture of glass is carried on in furnaces giving a very high tem« 
perature (often in regenerative furnaces, Chapter IX.) Large clay crucibles are placed 
in these furnaces, and the mixture destined for the preparation of the glass, having been 
first roasted, is charged into the crucibles. The temperature of the furnace is then gradu- 
ally raised. The process takes place in three separate stages. At first tho mass inter* 
mixes and begins to react ; then it fuses, evolves carbonic acid gas, and forms a molten 
mass ; and, lastly, at the highest temperature, it becomes homogeneous and quite liquid, 
which is necessary for the ultimate elimination of the carbonic anhydrido and solid im- 
purities, which latter collect at the bottom of the crucible. The temperature is then some* 
what lowered, and the glass is taken out on tubes and blown into objects of various shapes. 
In the manufacture of window-glass it is blown into largo cylinders, which arc then cut at 
the ends and across, and afterwards bent back in a furnace into the ordinary sheets. After 
being worked up, all glass objects have to be subjected to a slow cooling (annealing) in 
special furnaces, otherwise they are very brittle, as is seen in tho so-called ' Rupert's 
drops/ formed by dropping molten glass into water ; although these drops preserve their 
form, they are so brittle that they break up into a fine powder if a small piece be knocked 
off them. Glass objects have frequently to be polished and chased. In the manu- 
facture of mirrors and many massive objects the glass is cast and then ground an.4 
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hardly changed by acids, particularly if they contain much silica, - 
whilst fusion with alkalis leads to the formation of compounds rich in 
bases, after whieh acids decompose the alloys formed. 27 

According to the periodic law, the nearest analogues of silicon ought 
to be elements of the uneven series, because silicon, like sodium, mag- 
nesium, and aluminium, belongs to the uneven series. 28 Immediately 
after silicon follows ekasilicon or germanium, Ge = 72, whose properties 
were predioted (1871) before Winkler (1886) in Freiberg, Saxony 
(Chapter XV. § 5), discovered this element in a peculiar silver ore called 
argyroditty Ag 6 GeS 5 . 29 Easily reduced from the oxide by heating with 

polished. Coloured glasses are either made by directly introducing into the glass itself 
various oxides, which give their characteristic tints, or else a thin layer of a coloured 
glass is laid on the surface of ordinary glass. Green glasses are formed by the oxides 
of chromium and copper, blue by cobalt oxide, violet by manganese oxide, and red glass 
by cuprous oxide and by the so-called purple of Cassius — ix. a compound of gold and 
tin — which will be described later. A yellow coloration is obtained by means of the 
oxides of iron, silver, or antimony, and also by means of carbon, especially for the brown 
tints for certain kinds oi bottle-glass. 

From what has been said about glass it will be understood that it is impossible to 
give a definite formula for it, because it is a non-crystalline or amorphous alloy of 
silicates ; but such an alloy can only be formed within certain limits in the proportions 
between the component oxides. With a large proportion of silica the glass very easily 
becomes clouded when heated ; with a considerable proportion of alkalis it is easily 
acted on by moisture, and becomes cloudy in time on exposure to the air ; with a large 
proportion of lime it becomes infusible and opaque, owing to the formation of crystalline 
compounds in it; in a word, a certain proportion is practically attained among the com* 
ponent oxides in order that the glass formed may have suitable properties. Nevertheless, 
it may be well to remark that the composition of common gloss approaches to the 
formula Na,0,CaO,4SiO,. 

Ther coefficient of cubical expansion of glass is nearly equal to that of platinum and 
iron, being approximately 0000027. The specific heat of glass is nearly 018, and the 
specific gravity of common soda glass is nearly 2 6, of Bohemian glass 2*4, and of bottle 
glass 27. Flint glass is much heavier than common glass, because it contains the 
heavier oxide of lead, its specific gravity being 2*9 to 8*2. 

v It must be recollected that although acids seem to act only feebly on the majority 
of silicates, nevertheless a finely-levigated powder of siliceous compounds is acted on by 
strong acids, especially with the aid of heat, the basic oxides being taken up and gela- 
tinous silica left behind. In this respect sulphuric acid heated to 200° with finely -divided 
siliceous compounds in a closed tube acts very energetically. 

*" Such elements as silicon, tin, and lead were only brought together under one 
common group by means of the periodic law, although the quadrivalency of tin and lead 
was known much earlier. Generally silicon was placed among the non-metals, and tin 
and lead among the metals. 

w At first (February 1886) the want of material to work on, the absence of a 
spectrum in the Bunsen's flame, and the solubility of many of the compounds of 
germanium, presented difficulties in the researches of Professor Winkler, who, oa 
analysing argyrodite by the usual method, obtained a constant loss of 7 p. c, and was 
thus led to search for a new element. The presence of arsenic and antimony in the 
accompanying minerals also impeded the separation of the new metal. After fusion with 
sulphur and sodium carbonate, argyrodite gives a solution of a sulphide which is pre- 
cipitated by an excet* of hydrochloric acid ; germanium sulphide is soluble in smmonia 
and then precipitated by hydrochloric acid, at a wkiU precipitate, which is dissolved 
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hydrogen and charcoal, and separated from its solutions by zinc, 
metallic germanium proved to be greyish white, easily crystallisable (in 
octehedra), brittle, fusible (under a coating of fused borax) at about 
900°, and easily oxidisable ; the specific gravity ="5-469, the atomic 
weight = 723, and the specific heat = 0*076, 30 as might be expected 
for this element according to the periodic law. The corresponding 
germanium dioxide, Ge0 2 , is a white powder having a specific gravity 
of 4*703 ; water, especially when boiling, dissolves this dioxide (I part 
of Ge0 2 requires for solution 247 parts of water at 20°, 95 parts at 
100°). It forms soluble salts with alkalis and is but sparingly soluble 
in acids. 31 In a stream of chlorine the metal forms germanium 
chloride, GeCl 4 , which boils at 86°, and has a specific gravity of 
1*887 at 18° ; water decomposes it, forming the oxide. All these pro- 
perties 33 of germanium, showing its analogy to silicon and tin, form a 
most beautiful demonstration of the truth of the periodic law 33 

The increase of atomic weight from silicon 28 to germanium 72 
is 44 — that is, about the same difference as there is in the atomic 
weights of chlorine and bromine : between germanium and its next 
analogue, tin (Sn = 1 18), the difference is 46 — that is, almotft as much 
as the amount by which the atomic weight of iodine exceeds that of 
bromine. 

Metallic tin is rarely met with in nature , it occurs in the veins of 
ancient formations, almost exclusively in the form of oxide, Sn0 2 , called 

(or decomposed) by water After being oxidised by nitric acid, dried and ignited 
germanium sulphide leaves the oxide Oe0 2 , which is reduced to the metal when ignited 
in a stream of hydrogen. 

80 O. Kobb determined the spectrum of germanium, when the metal was taken as one 
of the electrodes of a powerful Ruhmkorffs coil. The wave-lengths of the most distinct 
lines are 609, 588, 518, 618, 481, 474, millionths of a millimetre. 

81 If germanium or germanium sulphide be heated in a stream of hydrochloric acid, 
it forms a volatile liquid, boiling at 72°, which Winkler regarded as germanium chloride, 
GeCl a , or germanium chloroform, GeHCl*. It is decomposed by water, forming a white 
substance, which may perhaps be the hydrate of gerraanious oxide, GeO, and acts as a 
powerfully reducing agent in a hydrochloric acid solution. 

39 Under certain circumstances germanium gives a blue coloration like that of ultra* 
marine, as Winkler showed, which might have been expected from the analogy of ger* 
manium with silicon. 

53 Winkler expressed this in the following words {Jour. f. pract. Chemie, 1886 f9], 
84, 182-188): '. . . . es kann keinem Zweifel mehr unterliegen, dass das neue Element 
nichts Anderes, als das vor fUnfsehn Jahren von Mendelieff prognosticate Ekcuilicium 
ist.' 

' Denn einen schlagenderen Beweis filr die Richtigkeit der Lehre von der PeriodicitSt 
der Elements, als den, welchen die Verkbrperung des bisher hypothetischen "Eka- 
silicium " in sich schliesst, kann es kaum go Den, und er bildet in Wahxheit mehr, als 
die blosse Bestatigung einer kiihn aufgestellten Theorie, er bedeutet eine eminent* 
Erweiterung des chemischen Geeichtfeldea, einen machtigen 8chritt in's Reich der 
Erkenntniss.' 
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tin-stone. The best known tin deposits are in Cornwall and in Malacca. 
In Russia, tin ores have been found in small quantities on the shores of 
Lake Ladoga, in Pitkarand. The crushed ore may easily be separated 
from the earthy matter accompanying it by washing on inclined tables, 
as the tin-stone has a specific gravity of 6*9, whilst the impurities are 
much lighter. Tin oxide is very easily reduced to metallic tin by heating 
with charcoal. For this reason tin was known in ancient times, and the 
Phoenicians brought it from England. Metallic tin is cast into ingots of 
considerable weight or into thin sticks or rods. Tin has a white colour, 
rather duller than that of silver. It fuses easily at 232°, and crystallises 
on cooling. Its specific gravity is 7*29. The crystalline structure of 
ordinary tin is noticed in bending tin rods, when a peculiar sound is 
heard, produced by the fracture of the particles of tin along the sur- 
faces of crystalline structure. 

When pure tin is cooled to a low temperature it splits up into 
separate crystals, the bond between the particles is lost, the tin assumes 
a grey colour, becomes less brilliant — in a word, its properties become 
changed, as Fritzsche showed. This depends on the peculiar structure 
which the tin then acquires, and is particularly remarkable because 
it is effected by cold in a solid. 33 w » If such tin be fused, or even 
simply heated, it becomes like ordinary tin, but is again changed when 
cooled. When in this condition tin has a specific gravity of 7*19. 
Similarly, tin is obtained by the action of the galvanic current on 
a solution of tin chloride ; it then appears in crystals of the cubic 
system, and has a specific gravity of 7*18 — that is, the same as when 
cooled. 34 

Tin is softer than silver and gold, and is only surpassed by lead in 
this respect. In addition to this it is very ductile, but its tenacity is 
very slight, so that wire made from it will bear but little strain. In 
consequence of its ductility it is easily worked, by forging and rolling 
into very thin sheets (tin foil;, which are used for wrapping many' 
articles to preserve them from moisture, «fcc In this case, however, 
and in many others, lead is mixed with the tin, which, within certain 
limits, does not alter the ductility. Whilst so soft at the ordinary 
temperatures tin becomes brittle at 200°, before fusing. Tin powder 
may be easily obtained if the metal be fused and then stirred whilst 
cooling. At a white heat tin may be distilled, but with more difficulty 
than zinc. If molten tin comes into contact with oxygen, it oxidises, 

» tfc Emilianoff (1890) states that in the cold of the Rossis* winter 80 oat of 900 
tin moulds for candles were spoilt through becoming quite brittle. 

** The tin deposited by en electric current from a neutral solution of 8nCl» easuy 
•oxidises and becomes coated with SnO (Vignon, 1889). 
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forming stannic oxide, 8nO„ and its vapour burns with a white flame. 
At ordinary temperatures tin does not oxidise, and this, very important 
property of tin allows it to be applied in many cases for covering other 
metals to prevent their oxidising. This is termed tinning. Iron and 
copper are frequently tinned. Iron and steel sheets, coated with tin, 
bear the name of tin plate (for the most part made in England), and are 
used for numerous purposes. Tin plate is prepared by immersing iron 
sheets, previously thoroughly cleansed by acid and mechanical means, 
into molten tin. 34 bU 

Tin with copper forms bronze, an alloy which is most extensively 
used in the arts. Bronze has various colours and a variety of phy- 
sical properties, according to the relative amount of copper and tin 
which it contains. With an excess of copper the alloy has, a yellow 
colour ; the admixture of tin imparts considerable hardness and 
elasticity to the copper. An alloy containing 78 parts of copper and 
-about 22 per cent, of tin is so elastic that it is used for casting bells, 
which naturally require a very elastic and hard alloy. 3 * For casting 

s * * b If after this the coating of tin be rapidly cooled— for instance, by dashing 
water over it— it crystallises jnto diverse star-shaped figures, which become visible 
When the sheets are first immersed in dilate aqua regia and then in a solution of 
caustic soda. 

The coating of iron by tin, guards it against the direct access of air, but it only pre- 
serves the iron from oxidation so long as it forms a perfectly continuous coating. II 
the iron is left bare in certain places, it will be powerfully oxidised at these spots, 
because the tin is electro-negative with respect to the iron, and thus the oxidation 
is confined entirely to the iron in the presence Of tin. Hence a coating of tin over 
iron objects only partially preserves them from rusting. In this respect a coating of 
sine is more effectual. However, a dense and invariable alloy is formed over the 
surface of contact of the iron and tin, which binds the coating of tin to the remaining 
mass of the iron. Tin may be fused with cast iron, and gives a greyish-white alloy, 
which is very easily cast, and is used for casting many objects for which iron by itself 
would be unsuitable owing to its ready oxidisabUity and porosity. The coating of copper 
objects by tin is generally done to preserve the copper from the action of acid liquids, 
which would attack the copper in the presence of air and convert it into soluble salts. 
Tin is not acted on in this manner, and therefore copper vessels for the preparation of 
food should be tinned. 

** The ancient Chinese alloys, containing about 80 p.c. of tin (specific gravity of 
alloys about 8*9), which have been rapidly cooled, are distinguished for their resonance 
and elasticity. These alloys were formerly manufactured in large quantities \n China for 
the musical instruments known as tom-tomt. Owing to their hardness, alloys of this 
nature are also employed for casting guns, bearings, &c, and an alloy containing about 
11 p.c of tin (corresponding with the ratio Cu| S Sn) is known as gun-metal. The addition 
of a small quantity of phosphorus, up to 2 p. c, renders bronze still harder and more 
elastic, and the alloy so formed is now used under the name of phosphor-bronze. 

The alloy 8nCu 3 is brittle, of a bluish colour, and has nothing in common with either 
copper or tin in its appearance or properties. It remains perfectly homogeneous on cool- 
ing, and acquires a crystalline structure (Riche). All these signs clearly indicate that 
the alloy 8nCu ft is a product of chemical combination, which is also seen to be the case 
from its density, 6*91. Had there been no contraction, the density of the alloy would be 
8*21. It is the heaviest of all the alloys of tin and copper, because the density of tin is 
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statues and various large or small ornamental articles alloys containing 
2 to 5 p. c. of tin, 10 to 30 p. c. of zinc, and 65 to 85 p. c, of copper are 
used. 36 Tin is also often used alloyed with lead, for making various 
objects — for instance, drinking vessels. 

Tin decomposes the vapour of water when heated with it, liberating 
the hydrogen and forming stannic oxide Sulphuric acid, diluted with a 
considerable quantity of water, does not act, or at all events acts very 
slightly, on tin, but tin reduces hot strong sulphuric acid, when not 
only sulphurous anhydride but also sulphuretted hydrogen is evolved. 
Hydrochloric acid acts very easily on tin, with evolution of hydrogen 
and formation of stannous chloride, SnCl 2 , in solution, which, with an 
excess of hydrochloric acid and access of air, is converted into stannic 
chloride : SnCl, + 2HC1 4- O =SnCl 4 + H 9 C. 86M » Nitric acid diluted* 
with a considerable quantity of water dissolves tin at the ordinary tem- 
perature, whilst the nitric acid itself is reduoed, forming, amongst other 
products, ammonia and bydroxylamine. Here the tin passes into solu- 
tion in the form of stannous nitrate. Stronger nitric acid (also more 
dilute, when heated) transforms the tin into its highest grade of oxida- 
tion, Sn0 2 , but the latter then appears as the so-called metastannio 

7 29 and of copper 88. The alloy SnCu*, specific gravity 877, has similar properties. 
All the alloys except SnCuj and SnCu 4 split up on cooling ; a portion richer in copper 
solidifies first (this phenomenon is termed the liquation of an alloy), but the above two 
alloys do not split up on cooling. In these and many similar facts we can clearly dis- 
tinguish a chemical union between Vic metals forming an alloy. The alloys of tin and 
copper were known in very remote ages, before iron was used. The alloys of zinc and 
tin are less used, but alloys composed of zinc, tin, and copper frequently replace the more 
costly bronze. Concerning the alloys of lead see Note 46. 

M An excellent proof of the fact that alloys and solutions are subject to law is given, 
amongst others, by the application of Raoult's method (Chapter I., Note 49) to solutions* 
of different metals in tin, Thus Hcycock and Neville (1889) showed that the temperature 
of solidification of molten tin (226°'4) is lowered by the presence of a small quantity of other 
metals in proportion to the concentration of the solution. The following were the reduc- 
tions of the temperature of solidification of tin obtained by dissolving in it atomic propor- 
tions of different metals (for example, 65 parts of zinc in 11,800 parte of tin) ; Zn 2° 53, 
Cu 2°-47, Ag 2°67, Cd 2°16, Pb 2°'22, Hg 2°3, 8b 2° [rise], Al 1°84. As Raoult's method 
(Chapter VII.) enables the molecular weight to be determined, the almost perfect identity 
of the resultant figures (except for aluminium) shows that the molecules of copper, silver, 
lead, and antimony contain one atom in the molecule, like zinc, mercury, and cadmium. 
They obtained the eome result (1890) for Mg, Na, Ni, Au, Pd, Bi and In. It should here 
be mentioned that Ramsay (1889) for the same purpose (the determination of the mole- 
cular weight of metals on the basis of their mutual solution) took advantage of the 
variation of the vapour tension of mercury (see Vol. I., p. 184), containing various metals 
in solution, and he also found that the above-mentioned nietals contain but one atom in 
the molecule. 

90 bU The action of a mixture of hydrochloric acid and tin forms an excellent means 
of reducing, wherein both the hydrogen liberated by the mixture (at the moment of 
separation) and the stannous chloride act as powerful reducing and deoxidising agents. 
Thus, for instance, by this mixture nitro-compounds are transformed into amido-com* 
pounds — that is, the elements of the group NOg are reduced to NH a . 
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acid, which does not dissolve in nitric acid, and therefore the tin does 
not pass into solution. Feeble acids — for instance, carbonic and organic 
acids— do not act on tin even in the presence of oxygen, because tin does 
not form any powerful bases. 

It is important to remark as a characteristic of tin that it is re- 
duced from its solutions by many metals which are more easily oxidised, 
as, for instance, by zinc. 

In combination, tin appears in the two types, SnX 4 and SnXj, 17 
compounds of the intermediate type, Sn,X 6> being also known, but these 
latter pass with remarkable facility in most cases into compounds of 
the higher and lower types, and therefore the form SoX 3 cannot be 
considered as independent. 

Stannous oxide, SnO, in an anhydrous condition is obtained by 
boiling solutions of stannous salts with alkalis, the first action o! 
the alkali being to precipitate a white hydrate of stannous oxide, 
8n(OH) 2 SnO. The latter when heated parts with water as easily as the 
hydrate of copper oxide. In this form stannous oxide is a black crystal- 
line powder (specific gravity 6 '7) capable of further oxidation when 
heated. The hydrate is freely soluble in acids, and also in potassium 
and sodium hydroxides, but not in aqueous ammonia. 38 This property 
indicates the feeble basic properties of thk lower oxide, which acts in 
many cases as a reducing agent 19 Among the compounds corresponding 

57 Many volatile compounds of tin are known, whose molecular weights can therefore 
be established from their vapour densities. Among these may be mentioned stannio 
chloride, 8nCi(, and stannic ethide, 8n(C,H 5 ) 4 (the latter boils at about 160°). Bui 
V. Meyer found the vapour density of stannous chloride, SnClg, to be variable between its 
boiling point (606°) and 1100°, owing, it would seem, to the fact that the molecule then 
varies from Sn^Cl* to SnCl^ but the vapour density proved to be less than that indicated 
by the first and greater than that shown by the second formula, although it approaches* 
to the latter as the temperature rises— that is, it presents a similar phenomenon to thai 
observed in the passage of N?0 4 into NO?. 

39 When rapidly boiled, an alkaline solution of stannous oxide deposits tin and forms 
stannic oxide, 2SnO =• Sn + 8n0 4 , which remains in the alkaline solution. 

99 Weber (1882) by precipitating a solution of stannous chloride with sodium sulphite 
(this salt as a reducing agent prevents the oxidation of the stannous compound) and dis- 
solving the washed precipitate in nitric acid, obtained crystals of atannout nitrate, 
8n(NO 3 ) 4 ^0H a O, on refrigerating the solution. This crystallo-hydrato easily melts, and 
is deliquescent Besides this, a more stable anhydrous basic salt, 8n(N0 3 ) a ,8nO, is 
easily formed. In general, stannous oxide as a feeble base easily forms basic salts, just 
as cupric and lead oxides do. For the same reason 8nX 3 easily forms double salts 
Thus a potassium salt, SnKaCl^jO, and especially an ammonium salt, Sn(NH 4 ) 3 Cl 4r H i O, 
called pink salt, are known. 8ome of these salts are used in the arts, owing to their 
being more stable than tin salts alone. Stannous bromide and iodide, 8nBr a and Snl*, 
resemble the chloride in many respects. 

Among other stannous salts a sulphate, 80804, is known. It is formed as a crystal- 
line powder when a solution of stannous oxide in sulphuric acid is evaporated under the 
receiver of an air-pump. The feeble basic character of the stannous oxide is dearly 
seen in this salt. It decomposes with extreme facility, when heated, into stannio oxide 
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with stannous oxide the most remarkable and the one most frequently 
used is stannous chloride or Moride of tin, SnCL, also called proto- 
chloride of tin (because it is the lowest chloride, containing half as 
much C4 as SnCl 4 ). It is a transparent, colourless, crystalline sub- 
stance, melting at 250° and boiling at 606°. Water dissolves it, without 
visible change (in reality partial decomposition occurs, as we shall see 
presently). It is also soluble in alcohol. It is obtained by heating tin 
in dry hydrochloric acid gas, the hydrogen being then liberated, or 
by dissolving metallic tin in hot strong hydrochloric acid and then 
evaporating quickly. On cooling, crystals of the monoclinic system are 
obtained having the composition SnCl 2 ,2H a O. An aqueous solution of 
this substance absorbs oxygen from the atmosphere, and gives a precipi- 
tate containing stannic oxide. From this it follows that a solution of 
stannous chloride will act as a reducing agent, a fact frequently made 
use of in chemical investigations — for example, for reducing metals 
from their solutions— since even mercury may be reduced to a metallic 
state from its salts by means of stannous chloride. This reducing 
property is also employed in the arts, especially in the dyeing industry, 
where this substance in the form of a crystalline salt finds an extensive 
application, and is known as tin salt or tin crystals. 

Stannic oxide, Pn0 2 , occurring in nature as tinstone, or cassiterite, is 
formed during the oxidation or combustion of heated tin in air as a 
white or yellowish powder which fuses with difficulty. It is prepared 
in large quantities, being used as a white vitreous mixture for coat- 
ing ordinary tiles and similar earthenware objects with a layer of 
easily fusible glass or enamel. Acid solutions of stannic oxide treated 
with alkalis, and alkaline solutions treated with acids, give a pre- 
cipitate of stannic hydroxide, 8n(OH) 4 , also known as stannic acid, 
which, when heated, gives up water and leaves the anhydride, Sn0 3l 
which is insoluble in acids, clearly showing the feebleness of its basic 
character. When fused with alkali hydroxides (not with their carbo- 
nates or acid sulphates), an alkaline compound is obtained which is 
soluble in water. Stannic hydroxide, like the hydrates of silica, is a 
colloidal substance, and presents several different modifications, de- 
pending on the method of preparation, but having an identical compo- 
sition ; the various hydroxides have also a different appearance, and 
act differently with reagents. For instance, a distinction is made 
between ordinary stannic acid and metastannic acid. Stannic acid is 

and sulphurous anhydride, but it easily forms double salts with the salts of the alkali 
metals. 

In gaseous hydrochloric acid, stannous chloride, 8nCl ? ,2H,0, forms a liquid having 
the composition 8nCl*,HCl t 8H,0 (sp gr. 2 2, freeaes at -27°), and a solid salt, SnCl^H^O 
(Engel). 
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produced by precipitation by soda or ammonia from a freshly-prepared 
solution of stannic chloride, 8nCl 4 , in water ; on drying the precipitate 
thus obtained, a non-crystalline mass is formed, which is freely soluble 
in strong hydrochloric or nitric acids, and also in potassium and sodium 
hydroxides. This ordinary stannic acid may be still better obtained 
from sodium stannate by the action of acids. Metastannic acid is 
insoluble in sulphuric and nitric acids. It is obtained in the form of 
a heavy white powder by treating tin with nitric acid ; hydrochloric 
acid does not dissolve it immediately, but changes it to such an extent 
that, after pouring off the acid, water extracts the stannic chloride, 
8nCl 4 , already formed. Dilute alkalis not only dissolve inetastannio 
acid, but also transform it into salts, which, slowly, yet completely, 
dissolve in pure water % but are insoluble even in dilute alkali 
hydroxides. Dilute hydrochloric acid, especially when boiling, changes 
the ordinary hydrate into metastannic acid. On this depends, by 
the way, the formation of a white precipitate, stannic hydroxide, from 
solutions of stannous and stannic chlorides diluted with water. The 
stannic oxide first dissolved changes under the influence of hydro- 
chloric acid into metastannic acid, which is insoluble in water in the 
presence of hydrochloric acid. Solutions of metastannic acid differ 
from solutions of ordinary stannic acid, and in the presence of alkali 
they change into solutions of ordinary acid, so that metastannic acid 
corresponds principally with the acid compounds of stannic oxide, 
and ordinary stannic acid with the alkaline compounds. 40 Graham 
obtained a soluble colloidal hydroxide ; it is subject to the same trans- 
formations that are in general peculiar to colloids. 

Stannic oxide shows the properties of a slightly energetic and inter- 
mediate oxide (like water, silica, &c.) ; that is to say, it forms saline 
compounds both with bases and with acids, but both are easily de- 
composed, and are but slightly stable. Bat still the acid character ii 
more clearly developed than the basic, as in silica, germanic oxide, 

w Fremy supposes the cause of the difference to consist in a difference of poly, 
meris&tion, and considers that the ordinary add corresponds with the oxide 8n0 3 , and 
the meta-acid with the oxide 8^0 1(h but it is more probable that both are polymeric 
but in a different degree. 8tannic acid with sodium carbonate gives a salt of the com* 
position NagSnQj. The same salt is also obtained by fusing metastannic acid with 
•odium hydroxide, whilst metastannic acid gives a salt, Na a Sn0 3 ,4Sn0 2 (Fre'my), when 
treated with a dilute solution of alkali ; moreover, stannio acid is also soluble in the ordi- 
nary stannate, Na?8nO s (Weber), so that both stannic acids (like both forms of silica) are 
capable of polymerisation, and probably only differ in its degree. In general, there is 
here a great resemblance to silica, and Graham obtained a solution of stannic acid by tho 
direct dialysis of its alkaline solution. The main difference between these acids is that 
the meta-acid is soluble in hydrochttric acid, snd gives a precipitate with sulphuric acid 
and stannous chloride, which do not precipitate the ordinary acid. Vignon (1889) 
found that more heat is evolved in dissolving stannic acid in KHO than metastannic. 
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and lead dioxide. This determines the character of the compounds 
SnX 4 , corresponding to stannic chloride, SnCl 4 (also called tetrachloride 
of tin). It is obtained in an anhydrous condition by the direct action 
of chlorine on tin, and is then easily purified, because it is a liquid 
boiling at 114°, and therefore can be easily distilled. Its specifio 
gravity is 2*28 (at 0°), and it fumes in the open air (spiritus fumana 
libavii), reacting on the moisture of the air, thus showing the 
properties of a chloranhydride. Water however does hot at firsts 
decompose it, but dissolves it, and on evaporation gives the crystallo- 
hydrate 8nCl 4 ,5H 2 0. If but little water be taken, crystals containing 
SnCl 4 ,3H a O are formed, which part with one- third of the water when 
placed under the receiver of the air-pump. A large quantity of water 
however, especially on heating, causes a precipitate of metastannio 
acid 41 and formation of HC1. 

41 The formation of the compound SnCl 4 ,8H 2 is accompanied by so great a contrac- 
tion that these crystals, although they contain water, are heavier than the anhydrous 
chloride SnCl*. The penta-hydratedccrystallo-hydrate absorbs dry hydrochloric acid, and 
gives a liquid of specific gravity 1*971, which at 0° yields crystals of the compound 
SnCl^SHCl.GH^O (it corresponds with the similar platinum compound), which melt at 80° 
into a liquid of specific gravity 1*925 (Engel). 

8tannic chloride combines with ammonia (SnCl 4> 4NHj), hydrocyanic add, phospho* 
retted hydrogen, phosphorus pentachloride (SnCl^PCla), nitrous anhydride and ita 
chloranhydride (SnCl^NaOj and 8nd,,2NOCl), and with metallic chlorides (for example, 
KsSnClcfNH^SnClf, &c.) In general, a highly-developed faculty for combination ia 
observed in it. 

Tin does not combine directly with iodine, but if its filings be heated in a closed tube 
with a solution of iodine in carbon bisulphide, it forms stannic iodide, SnI*, in the form 
of red octahedra which fuse at 142° and volatilise at 296°. The fluorine compounds of 
tin have a special interest in the history of chemistry, because they give a series of 
double salts which are isomorphous with the salts of hydrofluosilicic acid, 8iR»F fr and 
this fact served to confirm the formula 8i0 9 for silica, as the formula SnO t was indubi- 
table. Although stannic fluoride, 8nF 4 , is almost unknown in the free state, its 
corresponding double salts are very easily formed by the action of hydrofluoric acid on 
alkaline solutions of stannic oxide ; thus, for example, a crystalline salt of the composi* 
tion SnJLjFg.ELjO is obtained by dissolving stannic oxide in potassium hydroxide and 
then adding hydrofluoric acid to the solution. The barium salt, HnBaF^SHsO, ia 
sparingly soluble like its corresponding silicofluoride. The more soluble salt of strontium, 
8n8rF 6l 2H 9 0, crystallises very well, and is therefore more important for the purposes of 
research ; it is isomorphous with the corresponding salt of silicon (and titanium) ; the 
magnesium salt contains 6H a O. 

Stannic sulphide, 8nS* is formed, as a yellow precipitate, by the action of sol* 
phuretted hydrogen on acid solutions of stannic salts ; it is easily soluble in ammonium 
and potassium sulphides, because it has an acid character, and then forms tbiostannatea 
(see Chapter XX.) In an anhydrous state it has the form of brilliant golden yellow 
plates, which may be obtained by heating a mixture of finely-divided tin, sulphur, and 
sal-ammoniac for a considerable time. It is sometimes used in this form under the 
name of mosaic gold, as a cheap substitute for gold-leaf in gilding wood articles. Oa 
ignition it parts with a portion of its sulphur, and is converted into stannous sulphide 
8nS. It is soluble in caustic alkalis. Hydrochloric acid does not dissolve the anhydrous 
crystalline compound, but the precipitated powdery sulphide is soluble in boiling i 
hydrochloric acid, with the evolution of hydrogen sulphide. 
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The alkali compounds of stannic oxide — that is, the compounds in 
which it plays the part of an acid, corresponding in this respect to the 
compounds of silica and other anhydrides of the composition R0 2 — are 
very easily formed and are used in the arts. Their composition in 
most cases corresponds with the formula SnM 2 3 — that is, SnO(MO) 2 , 
similar to CO(MO) 2 , where M=K,iTa> Acids, even feeble acids like 
carbonic, decompose the salts, like the corresponding compounds of alu- 
mina or silica. In order to obtain potassium stannate f which crystallises 
in rhombohedra, and has the composition SnK 2 3 ,3H 2 0, potassium 
hydroxide (8 parts) is fused, and metastannic acid (3 parts) gradually 
added. Sodium stannate is prepared in practice in large quantities by 
heating a solution of caustic soda with lead oxide and metallic tin. 
In this last case an alkaline solution of lead oxide is formed, and the tin 
acts on the solution in such a way as to reduce the lead to the metallic 
state, and itself passes-into solution. It is very remarkable that lead 
displaces tin when in combination with acids, whilst tin, on the con- 
trary, displaces lead from its alkali compounds. By dissolving the 
mass obtained in water, and adding alcohol, sodium stagnate is pre- 
cipitated, which may then be dissolved in water and purified by 
re-crystallisation. In this case it has the composition SnNa 2 03,3H 2 Q 
if separated from strong solutions, and SnNa 2 O 3 ,10H 2 O when crystal- 
lised at a low temperature from dilute solutions. In the arts this 
salt is used as a mordant in dyeing operations. With a cold solution 
of sodium hydroxide metastannic acid forms a salt of the composition 
(NaHO) 2 ,5Sn0 2 ,3H a O, from which Fremy drew his conclusions con- 
cerning the polymeri8m of metastannic acid. Tin, like other metals? 
and many metajloids, gives a peroxide form of combination or p*r- 
stannie oxide. This substance was obtained by Spring (1889) in the 
form of a hydrate, H 2 Sn 2 7 =2(Sn0 3 )H 2 0, by mixing a solution of 
SnCl 2 , containing an excess of HC1, with freshly prepared peroxide 
of barium. A cloudy liquid is then obtained, and this after being 
subjected to dialysis leaves a gelatinous mass which on drying is 
found to have the composition Sn 2 H 2 7 . Above 100° this substance 
gives off oxygen and leaves Sn0 2 . It is evident that Sn0 3 bears 
the same relation to Sn0 2 as H 2 2 to H 2 or Zn0 2 to ZnO, (Sec. 

Tin occupies the same position amongst the analogues of silicon as 
cadmium and indium amongst the analogues of magnesium and 
aluminium respectively, and as in each of these cases the heavier 
analogues with a high atomic weight and a special combination of 
properties — namely, mercury and thallium— are known, so also for 
silicon we have lead as the heaviest analogue (Pb=206), with a series 
of both kindred and special properties. The higher type, PbX 4 — for 
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instance, Pb0 2 — is in a chemical sense far less stable than the lower 
type, PbX. The ordinary compounds of lead correspond with tba 
latter, and in addition to this, PbO, although not particularly ener- 
getic, is still a decided base easily forming basic salts, PbX a (PbO) a . 
Although the compounds PbX 4 are unstable they offer many points of 
analogy with the corresponding compounds of tin Sn0. 2 , this is seen, 
for instance, in the fact that Pb0 2 is a feeble acid, giving the salt 
PbK 2 3 , that PbCl 4 is a liquid like SnCl 4 which is not affected by 
sulphuric acid, and that PbF 4 gives double salts, like SnP 4 or SiF 4 
(Brauner 1894. See Chapter II., Note 49 bis) ; Pb(C i H ft ) 4 also 
resembles S^C^H^ &c. All this shows that lead is a true analogue 
of tin, as Hg is of cadmium. 41 b,s 

Lead is found in nature in considerable masses, in the form of 
galena, lead sulphide, PbS. 42 The specific gravity of galena is 7*58, 
colour grey ; it crystallises in the regular system, and has a fine 
metallic lustre. Both the native and artificial sulphides are insoluble 
in acids (hydrogen sulphide gives a black precipitate with the salts 
PbX 2 ). 42 bis When heated, lead melts ; and in the open air is either totally 
or partially transformed into white lead sulphate, PbS0 4 , as it also is 
by many oxidising agents (hydrogen peroxide, potassium nitrate). 
Lead sulphate is also insoluble in water, 43 and lead is but rarely met 
with in this form in nature. The chromates, vanadates, phosphates, and 
similar salts of lead are also somewhat rare. The carbonate, PbC0 3 , is 
sometimes found in large masses, especially in the Altai region. Lead 
sulphide is often worked for extracting the silver which it contains ; 
and as the lead itself also finds manifold industrial applications, this 
work is carried out on an exceedingly large scale. Many methods are 
employed. Sometimes the lead sulphide is decomposed by heating it 
with cast iron. The iron takes up the sulphur from the lead and forms 

41 bit Although this has long been generally recognised from the reseinblancebetween 
the two metals, still from a chemical point of view it has only been demonstrated by 
means of the periodic law. 

43 Mixed ores of copper compounds together with PbS and ZnS are frequently 
found in the most ancient primary rocks. As the separation of the metals themselves 
is difficult, the ores are separated by a method of selection or mechanical sorting. Such 
mixed ores occur in Russia, in many parts of the Caucasus, and in the Donetz district 
(at Nagolchik). 

4' *>i» Lead sulphide in the presence of zinc and hydrochloric acid is' completely 
reduced to metallic lead, all the sulphur being given off as hydrogen sulphide. 

43 Lead sulphate, PbS0 4 , occurs in nature {anglesite) in transparent brilliant crystals 
which are isomorphous with barium sulphate, and have a specific gravity of 6*8. The 
some salt is formed on mixing sulphuric acid or its soluble salts with solutions of lead, 
salts, as a heavy white precipitate, which is insoluble in water and acids, but dissolves 
in a solution of ammonium tartrate in the presence of an excess of ammonia. ThU 
test serves to distinguish this salt from tbe similar salts of strontium and barium. 
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easily-fusible iron sulphide, which does not mix with the heavier reduced 
lead. But another process is more frequently used : the lead ore (it must 
be clean ; that is, free from earthy matter, which may be easily removed 
by washing) is heated in a reverberatory furnace to a moderate tempera- 
ture with a free access of air. During this operation part of the lead 
sulphide oxidises and forms lead sulphate, PbS0 4 , and lead oxide. 
When the oxidation of part of the lead has been attained, it is neces- 
sary to shut off the air supply and increase the temperature, then the 
oxidised compounds of the lead enter into reaction with the remaining 
lead sulphide, with formation of sulphurous anhydride and metallic lead. 
At first from PbS + 2 , PbO + S0 2 are formed, and also from PbS + 6 4 
lead sulphate PbSO<, and then PbO and PbS0 4 react with the remain- 
ing PbS, according to the equations 2PbO + PbS = 3Pb + S0 2 and 
also PbS0 4 +PbS = 2Pb + 2S0 2 ." 

The appearance of lead is well known ; its specific gravity is 11*3 ; 
the bluish colour and well-marked metallic lustre of freshly-cut lead 
quickly disappear when exposed to the air, because it becomes coated 
with a layer— although a very thin layer — of oxide and salts formed 
by the moisture and acids in the atmosphere. It melts at 320°, and 
crystallises in octahedra on cooling. Its softness is apparent from 
the flexibility of lead pipes and sheets, and also from the fact that it 
may be cut with a knife, and also that it leaves a grey streak when 
rubbed on paper. On account of its being so soft, lead naturally 
cannot be applied in many cases where most metals may be used ; but 
on the other hand it is a metal which is not easily changed by 
chemical reagents, and as it is capable of being soldered and drawn 
into sheets, <fcc., lead is most valuable for many technical uses. Lead 
pipes are used for conveying water 4 * and many other liquids, and 

44 According to J. B.' Hannay%(1894) the last named decomposition (PbS + PbSOj 
« 2Pb + 2S0 2 ) is really much mare complicated, and in (act a portion of the PbS ia 
dissolved in the Pb, forming a slag containing PbO, PbS and PbS0 4 , whilst a portion 
of the lead volatilises with the S0 2 in the form of a compound PbS 2 2 , which i9 also 
formed in other cases, but has not yet been thoroughly studied. 

Besides these methods for extracting lead from PbS in its ores, roasting (the removal 
of the S in the form of SO { ) and smelting with charcoal with a blast in the same 
manner as in the manufactrve of pig iron (Chapter XXII.) are also employed. 

We may add that PbS in contact wit! Zn and hydrochloric acid (which has no action 
upon PbS alone) entirely decomposes, forming H 2 S and metallic lead : PbS + Zn + SHCl 
« Pb + ZnCl 2 + H 2 S. 

As lead is easily reduced from its ores, and the ore itself has a metallic appearance, it 
it not surprising that it was known to the ancients, and that its properties were familiar 
to the alchemists, who called it ' Saturn.' Hence metallic lead, reduced from its salts ia 
solution by zinc, having the appearance of a tree-like mass of crystals, is called 4 arbor 
saturni,' &c. 

4 * Freshly laid new lead pipes contaminate the water with a certain amount of lead 
•Alts, Arising from the presence of oxygen, carbonic acid, dec, in the water. But the 
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sheet lead is used for lining all kinds of vessels containing liquids — 
(acids, for instance) which act on other metals. This particularly refers 
to sulphuric and hydrochloric acids, because at a low temperature they 
do not aofc on lead, and if they form lead sulphate, PbSO<, and chloride, 
PbCl 2 , these salts being insoluble in water and in acids, cover the 
lead and protect it from further corrosion. 46 All soluble preparations 
of lead are poisonous. At a white heat lead may be partially distilled ; 
the vapours oxidise and burn. Lead may also be easily oxidised at 
low temperatures. Lead only decomposes water at a white heat, 
and does not liberate hydrogen from acids, with the exception only 
of very strong hydrochloric acid and then only when boiling. 
Sulphuric acid diluted with water does not act on it> or only acts 
very feebly at the surface ; but strong sulphuric acid, when heated, 
is decomposed by it, with the evolution of sulphurous anhydride. The 
best solvent for lead is nitric acid, which transforms it into a soluble 
salt, Pb<NOj) 8 . 

Although acids thus have directly but little effect on lead, and 
this is one of its most important practical properties, yet when air 
has free access, lead (like cop/vr) very easily reacts with many acids, even, 
with those which are comparatively feeble. The action of acetic acid 
on lead is particularly striking and often applied in practice. If lead 
be plunged into acetic acid it does not change at all and does not pass 
into solution, but if part of the lead be immersed in the acid, and 
the other part remain in contact with the air, or if lead be merely 
covered with a thin layer of acetic acid in such a way that the air 
is practically in contact with the metal, then it unites with the oxygen 
of the air to form oxide, which combines with the acetic acid and 
forms lead acetate, soluble in water. The formation of lead oxide is 
especially marked from the fact that with a sufficient quantity of air 

lead pipes under the action of running water soon become coated with a film of salt*— 
lead sulphate, carbonate, chloride, Ac. — which are insoluble in water, and the water pipes 
ihen become harmless. 

46 Lead is used in the arts, and owing to its considerable density, it is cast, mixed 
with small quantities of other metals, into shot. A considerable amount is employed 
(together with mercury) in extracting gold and silver from poor ores, and in the manu- 
facture of chemical reagents, and especially of lead chromate. Lead chromate, PbCrO«, 
it distinguished for its brilliant yellow colour, owing to which it is employed in consider- 
able quantities as a dye, mainly for dyeing cotton tissues yellow. It is formed on the tissue 
itself, by causing a soluble salt of lead to react on potassium chromate. Lead chromate 
is met with in nature as 'red lead ore.* It is insoluble in water and acetic acid, but 
it dissolves in aqueous potAsh. The so-called pewter vessels often consist of an alloy of 
B parts of tin and 1 part of lead, and solder is composed of 1 to 2 parts of tin with | part 
of lead. Amongst the alloys of lead and tin, Rudberg states that the alloy Pb8n s stands 
out from the rest, since, according to his observations, the temperature of solidification 
of the alloy is 167°. 
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not only is the normal lead acetate formed but also the basic 
salts. 47 

When oxidising in the presence of air, 48 when heated or in the 
presence of an acid at the ordinary temperature, lead forms compounds 
of the type PbX 2 . Lead oxide, PbO, known in industry as litharge, 
silberglatte(this name is due to the fact that silver is extracted from the 
lead ores of this kind) and massicot. If the lead is oxidised in air at a 
high temperature, the oxide which is formed fuses, and on cooling is 
easily obtained in fused masses which split up into scales of a yellowish 
colour, having a specific gravity of 93 ; in this form it bears the name 
of litharge Litharge is principally used for making lead salts, for 
the extraction of metallic lead, and also for the preparation of 
drying oils— for instance, from linseed oil. 49 When oxidised care- 

The normal lead acetate, known in trade as sugar of Uad> owing to its having a 
sweetish taste, has the formula Pb^HjO^.SH^O. This salt only crystallises from acid 
solutions. It is capable of dissolving a further quantity of lead oxide or of metallic lead in 
the presence of air A basic salt of the composition PtyCjHsOa^PbH^ is then formed 
which is soluble in water and alcohol. As in this salt the number of atoms is even and the 
same as in the hydrato of acetic acid, C^O^H^O-CaH^OHk, it may be represented as 
this hydrate in which two of hydrogen are replaced by lead — that is, as C 2 H 5 (OH)(OaPb). 
This basic salt is used in medicine os a remedy for inflammation, for bandaging wounds, 
dfc, and also in the manufacture of white lead Other basic acetates of lead, 
containing a still greater amount of lead oxide, are known. According to the above 
representation of the composition of the preceding lead acetate, a basic salt of the com- 
position (O^H^yO^Pb^ would be also possible, but what appear to be still more basic 
salts are known. As the character of a salt also depends on the property of the base 
from which it is formed, it would seem that lead forms a hydroxide of the composition 
HOPbOH, containing two water residues, one or both of which may be replaced by the 
acid residues. If both water residues are replaced, a normal salt, XPbX, is obtained, 
whilst if only one is replaced a basic salt, XPbOH, is formed. But lead does not only 
give this normal hydroxide, but also polyhydroxides, Pb(OH),nPbO, and if we may imagine 
that in these polyhydroxides there is a substitution, of both the water residues by acid 
residues, then the power of lead for forming basic salts is explained by the properties of 
the base which enters into their composition 

48 Few compounds are known of the lower type PbX, and still fewer of the inter- 
mediate type PbX 5 To the first type belongs the so-called lead suboxide, Pb^O, ob- 
tained by the ignition of lead oxalate, C^Pb0 4 , without access of air. It is a black powder, 
which easily breaks up under the action of acids, and even by the simple action of heat, 
into metallic lead and lead oxide. This is the character of all suboxides. They cannot 
be regarded as independent salt- forming oxides, neither can those forms of oxidation of 
lead which contain more oxygen than the oxide of lead, PbO, and less than the dioxide, 
PbOj. As we shall see, at least two such compounds are formed. Thus, for example, 
an oxide having the composition Pbj0 3 is known, but it is decomposed by the action of 
acids into lead oxide, which passes into solution, and lead dioxide, which remains behind. 
8uch is red lead. (See further on.) 

*• In the boiling of drying oils, the lead oxide partially passes into solution, forming 
ft saponified compound capable of attracting oxygen and solidifying into a tar-like mass, 
which forms the.oil paint. Perhaps, however, glycerine partially acts in the process. 

Ossovetsky by saturating drying oil with the salts of certain metals obtained oil 
colours of great durability. 

A mixture of very finely-divided litharge with glycerine (50 parts of litharge to 5 c.c 
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tally and slightly heated, lead forms a powdery (not fused) oxide 
known under the name of massicot. It is best prepared in the 
laboratory by "heating lead nitrate, or lead hydroxide. It has a 
yellow colour, and diflers from litharge in the greater difficulty with 
which it forms lead salts with acids. Thus, for instance, when 
massicot is moistened with water it does not attract the carbonic acid 
of the air so easily as litharge does, It may, however, be imagined 
that the cause Of the difference depends only on the formation of 
dioxide on the surface of the lead oxide, on which the acids do not 
act In any case lead oxide is comparatively easily soluble in nitric 
and acetic acids. It is but slightly soluble in water, but com* 
municates an alkaline reaction to it, since it forms the hydroxide 
This hydroxide is obtained in the shape of a white precipitate by the 
action of a small quantity of an alkali hydroxide on a solution of a 
lead salt. An excess of alkali dissolves the hydroxide separated, which 
fact demonstrates the comparatively indistinct basic properties of lead 
oxide. The normal lead hydroxide, which should have the composition 
Pb(OH) 2 , is unknown in a separate state, but it is known in combina- 
tion with lead oxide as Pb(OH). i ,2PbO or Pb 3 2 (OH) 2 . The latter 
is obtained in the form of brilliant, white, octahedral crystals when 
basic lead acetate is mixed with ammonia and gently heated. The 
basic -qualities of this hydroxide are shown distinctly by its absorbing 
the carbonic anhydride of the air. When an alkaline solution of the 
hydroxide is boiled, it deposits lead oxide in the form of a crystalline 
powder. 

Lead oxide forms but few soluble salts — for instance, the nitrate 
and the acetate. The majority of its salts (sulphate, PbS0 4 ; carbonate, 
PbC0 3 ; iodide, Pbl ? , &c.) are insoluble in water. These salts are 
^colourless or light yellow if the acid be colourless. In lead oxide the 
faculty of forming basic salts, PbX 2 nPbO or PbX 2 nPbH 2 2 , is strongly 
developed. A similar property was observed in magnesium and also 
in the salts of mercury, but lead oxide forms basic salts with still 
greater facility, although double salts are in this case more rarely 
formed. 80 

of anhydrous glycerine) forms a very quick (two minutes) setting cement, which is insoluble 
in water and oils, and is very useful in setting up chemical apparatus. The hardening is 
based on the reaction of the lead oxide with glycerine (Moraffsky) 

*° It is very instructive to observe that lead not only easily forms basic salts, but also 
salts containing several acid groups. Thus, for example, lead carbonate occurs in nature 
and forms compounds with lead chloride and sulphate. The first compound, known as 
corneous lcad,phoagenite,h&s the composition PbC0 5 ,PbCl a ; it occurs in nature in bright 
Cubical crystals, and is prepared artificially by simply boiling lead chloride with lead 
carbonate. A similar compound of normal salts, PbS0 4 ,PbC0 3 , occurs in nature as 
fonorkite in monoclinio crystals. Lcadhillite contains' PbS0 4l 8PbC0 5l and also occurs 
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Amongst the soluble lead salts, that best known and most often 
applied iu practical chemistry is lead nitrate, obtained directly by 
dissolving lead or its oxide in nitric acid. The normal salt, Pb(N0 3 ) 2 , 
crystallises in octahedra, dissolves in water, and has a specific gravity 
of 4*5. When a solution of this salt acts on white lead or is boiled 
with litharge, the basic salt, having a composition" Pb(OH)(N0 3 ), is 
formed in crystalline needles, sparingly soluble in cold water but easily 
dissolved in hot water, and therefore in many respects resembling lead 
chloride. When the nitrate is heated, either lead oxide is obtained or 
else the oxide in combination with peroxide. 

Lead cldoride, PbCl 9 , is precipitated from the soluble salts of lead 
when a strong solution is treated with hydrochloric acid or a metallic 
chloride. It is soluble in considerable quantities in hot water, and 
therefore if the solutions be dilute or hot, the precipitation of lead 
chloride does not occur, and if a hot solution be cooled, the salt 
separates in brilliant prismatic crystals. It fuses when heated (like 
silver chloride), but is insoluble in ammonia. This salt is sometimes 



in yellowish, monoclinic. tabular crystals. We will torn our attention to these salts of 
lead, because it is very probable that their formation is allied to the formation of the 
basic salts, and the following considerations may lead to the explanation of the exist- 
ence of both. In describing silica we carefully developed the conception of polymerisa- 
tion, which it is also indispensable to recognise in the composition of many other 
oxides Thus it may be supposed that Pb0 2 is a similar polymerised compound to 
SiOfl— 1>. that the composition of lead peroxide will be Pb«0* w , because lead methyl, 
PbMe 4 , and lead ethyl, PbEt 4 , are volatile compounds, whilst PbO? is non-volatile, and it 
very like silica in this respect, and not in the least like carbonic anhydride. Still more 
should a polymeric structure, Pb*O n , be ascribed to lead oxide, since it differs as little 
from lead dioxide in its physical properties as carbonic oxide does from carbonic 
anhydride, and being an unsaturated compound is more likely to be capable of inter* 
combination (polymerisation) than lead dioxide. These considerations respecting the 
complexity of lead oxide could have no real significance, and could not be accepted, were 
it not for the existence of the above-mentioned basic and mixed salts. The oxide apparently 
corresponds with the composition Pb H X 2 ii, and since, according to this representation, the 
number of X's in the salts of lead is considerable, it is obvious that they may be diverse. 
When a part of these X's is replaced by the water residue (OH) or by oxygen, X i = 0, and 
the other parts by an acid residue, X, then basic salts are obtained, but if a part of the 
X's is replaced by acid residues of one kind, and the other part by acid residues of another 
kind, then those mixed salts about which we are now speaking are formed. Thus, for 
example, we may suppose, for a comparison of the composition of the majority of the 
salts of lead, that n = 12, and then the above-mentioned compounds will present them* 
•elves in the following form: — Lead oxide, Pb, 2 O l2 , its crystalline hydrate, Pb^O^fOH)*, 
lead chloride, Pb u Cl M , lead oxychloride, Pb l2 Cl,^Oc, theother oxychloride, Pb, 2 (OH) 6 Cl<50 6t 
tnendipite (see Note 51), Pb n Cl 8 8 , normal lead carbonate, Pb.^COj)^, crystalline basic 
•alt, Pb, 2 (OH),(C05)«, white lead, Pb 17 (C0 3 ) 8 (HO) 8 , corneous lead, Pb,?Cl -3(CO s )e, 
lanarkite, Pb, 2 (C0 5 )e(S04)e, leadhillite, Pb^CO^SO^j, Ac The number 12 is only 
taken, to avoid fractional quantities. Possibly the polymerisation .is much higher than 
this. The theory of the polymerisation of oxides introduced by me in the first edition of 
this work (1869) is now beginning to be generally accepted. 

♦7 
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met with in nature* and When heated in air is capable of exchanging 
half its chlorine for oxygen, forming the basic salt or lead oxychloride, 
PbCl 2 PbO, which may also be obtained by fusing PbCl 2 and PbO together. 
The reaction of lead chloride with water vapour leads to the same 
conclusion, showing the feeble basic character of lead 2PbCl t + B.,0 
^PbClfcPbO + 2HC1. When ammonia^is added to an aqueous solution 
of lead chloride a white precipitate is formed, which parts with water 
on being heated, and has the composition Pb(OH)Cl,PbO. This com- 
pound is also formed by the action of metallic chlorides on other soluble 
basic salts of lead. 61 

Lead carbonate, or white lead, is the most extensively used bask 
lead salt. It has the valuable property of 4 covering/ which only to a 
certain extent appertains to lead sulphate and other white powdery 
substances used as pigments. This faculty of * covering ' consists in 
the fact that a small quantity of white lead mixed with oil spreads 
uniformly, and if such a mixture be spread over a surface (for instance, 
of wood or metal) the surface is quickly covered— that is, light does not 
penetrate through even a very thin layer of superposed white lead ; thus, 
for example, the grain of the wood remains invisible. 52 White lead, 
or basic lead carbonate, after being dried at 120°, has a composition 
Pb(OH)j,2PbC0 3 . 53 It may be obtained by adding a solution of sodium 

41 A similar basic salt having a white colour, and therefore used as a substitute for 
white lead, is also obtained by mixing. a solution of basic lead acetate with a solution of 
lead chloride. Its formation is expressed by the equation: 2PbX(OH),PbO + PbCl, 
-2Pb(OH)CKPbO + PbX 2 . Similar basic compounds of lead are met with in nature 
— for instance, mendipite, PbCl,2PbO, which appears in brilliant yellowish-white 
masses. The ignition of red lead with sal-ammouiac results in similar polybasio 
corn pounds of lead chloride, forming the CasseVs, or mineral yellow of the composition 
PbCl 2 nPbO. Lead iodide, PbL?, is still less soluble than the chloride, and is therefore 
obtained by mixing potassium iodide with a solution of a lead salt. It separates as a 
yellow powder, which may be dissolved in boiling water, and on cooling separates in very 
brilliant crystalline scales of a golden yellow colour. The salts PbBrj, PbF 2 , Pb(CN)j 
Pb 2 Fe(CN) 6 are also insoluble in water, and form white precipitates. 

a * It is remarkable that a peculiar kind of attraction exists between boiled 1 in see* 
oil and white lead, as is seen from the following experiments. White lead is triturated 
in water. Although it is heavier than water, it remains in suspension in it for some time 
and is thoroughly moistened by it, so that the trituration may be made perfect; boiled 
linseed oil is then added, and shaken up with it. A mixture of the oil and white lead is 
then found to settle at the bottom of the vessel. Although the oil is much lighter than 
the water it does not float on the top, but is retained by the white lead and sinks under 
the water together with it. There is not, however, any more perfect combination nor 
even any solution. If the resultant mass be then treated with ether or any other liquid 
capable of dissolving the oil, the latter passes into solution and leaves the white lead 
unaltered. 

** It may be regarded as a salt corresponding with the normal hydrate of carbonio 
*cid,C(OH)4, in which three-quarters of the hydrogen is replaced by lead. A salt is also 
known in which all the hydrogen of this hydrate of carbonic acid* is replaced by lead— 
namely, the salt containing COtPb?. This salt is obtaiued as a white crystalline sub* 
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carbonate to a solution of one of the basic salts of lead — for instance, 
the basic acetate — and likewise by treating, this latter with carbonic 
acid. For this purpose the solution of basio acetate is poured into the 
vessel/; it is prepared in the vat A, containing litharge, into which 
the pump P delivers the solution of the acetate, which remains after 
the action of carbonic anhydride on the basic salt. In A a basic salt is 
formed having a composition approaching to Pb 4 (OH) 6 (C l H 3 0,) t ; car- 
bonic anhydride, 2CO„ is passed through this solution and precipitates 




Pio. 82.— Manufacture of white tad. 

white lead, Pb t (OH) 2 (C0 3 )„ and normal lead acetate, FbfCAO,)* re- 
mains in the solution, and is pumped back into the vat A containing 
lead oxide, where the normal salt is again (on being agitated) converted 
into the basic salt. This is run into the vessel E, and thence into / 
Into the latter carbonic anhydride is delivered from the generator D, 
and forms a precipitate of white lead. 43 *** 

In order to mark the transition from lead oxide, PbO, into lead 
dioxide PbO, (plumbic anhydride), it is necessary to direct our 

stance by the action of water and carbonic add on lead. The normal salt, PbCOj, occurs 
in nature under the name of white lead ore (sp. gr. 6*47), in crystals, isomorphoua with 
aragonite, and is formed by the double decomposition of lead nitrate with sodium car- 
bonate, as a heavy white precipitate. Thus both these salts resemble white lead, but 
the first- named salt is exclusively used in practice, owing to its being very conveniently 
prepared, and being characterised by its great covering capacity, or 'body,' doe to its 
fine state of division. 

* 5Ws One of the many methods by which white lead is prepared consists in mixing 
massicot with acetic acid or sugar of lead, and leaving the mixture exposed to air (and 
re-mixing from time to time), containing carbonic acid, which is absorbed from the 
surface by the basic salt formed. After repeated mixings (with the addition of water), 
the entire mass is converted into white lead, which is thus obtained very finely divided. 
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attention to the intermediate oxide, or red lead, Pb 3 4 . M In the arts 
it is used in considerable quantities, because it forms a very durable 
yellowish-red paint used for colouring the resins (shellac, colophony, 
<fcc.) composing sealing Wax. It also forms a very good cheap oil 
paint, used especially for painting metals, more particularly because 
drying oils— for instance, hemp seed, linseed oils— very quickly dry 
with red lead and with lead salts. Red lead is prepared by slightly 
heating massicot, for which purpose two-storied stoves are used. In 
the lower story %he lead is turned into massicot, and in the higher 
one, having the lower temperature (about 300°), the massicot is trans- 
formed into red lead. Frdmy and others showed the instability of red 
lead prepared by various methods, and its decomposition by acids, with 
formation of lead dioxide, which is insoluble in acids, and a solution 
of the salts of lead oxide. The artificial production (synthesis) of red 
lead by double decomposition was most important. For this purpose 
Fr^my mixed an alkaline solution of potassium plumbate, K 2 Pb0 3 (pre- 
pared by dissolving the dioxide in fused potash), 54 w « with an alkaline 
solution ol lead oxide. In this way a yellow precipitate of minium 
hydrate is formed, which, when slightly heated, loses water and turns 
into bright red anhydrous minium Pb 3 4 . 

Minium is the first and most ordinary means of producing lead 
dioxide, or plumbic anhydride, Pb0 2 , 55 because when red lead is 

M If lead hydroxide be dissolved in potash and sodium hypochlorite be added to 
the solution, the oxygen of the latter acts on the dissolved lead oxide, and partially 
converts it into dioxide, so that the so-called lead sesquioxide is obtained ; its empirical 
formula is Pb a 3 . Probably it is nothing but a lead salt— i.e. is referable to the type of 
dioxide of lead, or its hydroxide, PbO(OH) 2 , in which two atoms of hydrogen are replaced 
l>y lead, PbO(O a Pb). The brown compound precipitated by the action of dilute acids— 
-for example, nitric— splits up, even at the ordinary temperature, into insoluble lead 
dioxide and a solution of a lead salt. This' compound evolves oxygen when it is heated. 
It dissolves in hydrochloric acid, forming a yellow liquid, which probably contains com- 
pounds of the composition PbClj and PbCl 4 , but even at the ordinary temperature the 
latter soon loses the excess of chlorine, and then only lead chloride, PbCl^ remains. In 
>order to see the relation between red lead and lead sesquioxide, it must be observed that 
they only differ by an extra quantity of lead oxide — that is, red lead is a basic salt of the 
preceding compound, and if the compound PbjOj may be regarded as Pb0 3 Pb, then red 
lead should be looked on as PbO$Pb,PbO— that is, as basic lead plumbate. 

&4bu Fre'my obtained potassium plumbate in the following manner. Pure lead dioxide 
is placed in a silver crucible, and a strong solution of pure caustic potash is poured over 
it. The mixturo is heated and small quantities are removed from time to time for testing, 
which consists in dissolving in a small quantity of water and decomposing the resultant 
solution with nitric acid. There is a certain moment during the heating when a consider- 
able amount of insoluble lead dioxide is precipitated on the addition of the nitric acid ; 
the solution then contains the salt in question, and the heating must be stopped, and a 
rsmall amount of water added to dissolve the potassium- plumbate formed. On cooling 
the salt separates in somewhat large crystals, which have the same composition as the 
atannate— that is, PbOtKOJa.SHaO. 

** Lead dioxide is often called lead peroxide, bat this name leads to error, because 
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treated with dilute nitric acid it gives up lead oxide, and PbO, remains, 
on which dilute nitric acid does not act. The composition of minium 
is Pbj,0 4 , and therefore the action of nitric acid on it is expressed by 
the equation : Pb 3 4 4- 4HN0 3 « Pb0 2 + 2Pb(N0 3 ) 2 h- 2H 2 0. The 
dioxide may also be obtained by treating lead hydroxido suspended in 
water with a stream of chlorine. Under these conditions the chlorine 
takes up the hydrogen from the water, and the oxygen passes over to the 
lead oxide. 46 When a strong solution of lead nitrate is decomposed by 
the electric current, the appearance of crystalline lead dioxide is also 
observed upon the positive pole ; it is also found in nature in the form 
of a black crystalline substance having a specific gravity of 9*4. When 
artificially produced it is a fine dark powder, resisting the action of 
acids, but nevertheless when treated with strong sulphuric acid it 
evolves oxygen and forms lead sulphate, and with hydrochloric acid it 
evolves chlorine. The oxidising property of lead dioxide depends 
of course on the facility of its transition into the more stable lead 
oxide, which is easily understood from the whole history of lead com- 
pounds. In the presence of alkalis it transforms chromium oxide into 
chromic acid, whilst lead chromate, PbCr0 4 , is formed, remaining, how* 
ever, in solution, on account of its being soluble in caustic alkalis. The 
oxidising action of lead dioxide on sulphurous anhydride is most strik- 
ing! as it immediately absorbs it, with formation of lead sulphate. 

PbOj does not show the properties of true peroxides, like hydrogen or barium peroxides, 
but is endowed with acid properties — that is, It is able to form true salts with bases, 
which is not the case with true peroxides. Lead dioxide is a normal salt- forming com- 
pound of lead, as Bi 2 5 is for bismuth, Ce0 2 for cerium, andTeOjfor tellurium, &c. They all 
evolve chlorine when treated with hydrochloric acid, whilst true peroxides form hydrogen 
peroxide. The true lead peroxide, if it were obtained, would probably have the composi- 
tion PbaO^ or, in combination with peroxide of hydrogen, I^Pb^O; = H 2 2 + Pb 2 0$, 
judging from the peroxides corresponding with sulphuric, chromic, and other acids, which 
we shall afterwards consider. 

As a proof of the fact, that the form Pb0 2 , or PbX 4 , is the highest normal form of any 
combination of lead, it is most important to remark that it might be expected that the 
action of lead chloride, PbCl 2 , on zinc-ethyl, ZnEt?, would result in the formation of 
sine chloride, ZnCl 2 , and lead-ethyl, PbEt?, but that in reality the reaction proceeds otlier- 
wise. Half of the lead is set free, and lead tetrethyl, PbEt 4 , is formed as a colourless 
liquid, boiling at about 200° (Butleroff, Frankland, Buckton, Cahours, and others). The 
type PbX 4 is not only .expressed in PbEt,- and Pb0 2 , but also in PbF 4 , obtained by 
Brauner. 

M According to Carnelley and Walker, the hydrate (PbOa) s ,H a O is then formed ; it 
loses water at 280°. The anhydrous dioxide remains unchanged up to 280°, and is then 
converted into the sesquioxide, PbjOj, which again loses oxygen at about 400°, and forms 
red lead, Pb^0 4 . Bed lead also loses oxygen at about 660°, forming lead oxide, PbO, 
which fuses without change at about 600°, and remains constant as far as the limit of 
the observations made (about 800°). 

The best method for preparing pure lead dioxide consists in mixing a hot solution of 
lead chloride with a solution of bleaching powder (Fehrman). 
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This is accompanied by a change of colour and development of heat, 
Pb0 2 f S0 2 = PbS0 4 . When triturated with sulphur the mixture 
explodes, the sulphur burning at the expense of the oxygen of the lead 
dioxide. Tetrachloride of lead, PbCl 4 , belongs to the same class or* 
lead compounds as Pb0 2 . This chloride is formed by the action of 
strong hydrochloric acid upon Pb0 2 , or, in the cold, by passing a stream 
of chlorine through water containing PbCl 2 in suspension. The resul- 
tant yellow solution gives off chlorine when heated. With a solution 
of sal ammoniac (Nicolukin, 1885) it gives a precipitate of a double 
salt, (NH 4 ) 2 PbCl 6 (very slightly soluble in a solution of sal ammoniac), 
which when treated with strong sulphuric acid (Fried rich, 1890) gives 
PbCl 4 as a yellow liquid sp. gr. 3*18, which solidifies at — 18*, and when 
heated gives PbCl 2 + Cl 2 . It is not acted upon by H 2 S0 4 like SnCl 4 . 
Tetrafluoi ide of lead (Brauner) belongs to the same class of compounds, 
it easily forms double salts and decomposes with the evolution of 
fluorine (Chapter II., Note 49 bis). 56 J> I » 

Amongst the elements of the second and third groups it was 
observed that the elements were more basic in the even than in the 
uneven series. It is sufficient to remember calcium, strontium, and 
barium in the even, and magnesium, zinc, and cadmium in the uneven 
series. In addition to this, in the even series, as the atomic weight 
increases, in the same type of oxidation the basic properties increase 
(the acid properties decrease) ; for example, in the second group, calcium, 
strontium, barium. The same also appears in the fourth and all the 
following groups. In the^even series of the fourth group titanium, 
zirconium, cerium, and thorium are found. All their highest oxides, 
K0 2 , even the lightest, titanic oxide, Ti0 2 , have more highly developed 
basic properties than silica, Si0 2 , and in addition to this the basic 
properties are more distinctly seen in zirconium dioxide, Zr0 2 , than 
in titanic oxide, Ti0 2 , although the acid property of combining with 
bases still remains. In the heaviest oxides, cerium dioxide, Ce0 2 , and 
thorium dioxide, Th0 2 , no acid properties are observed, these being 
both purely basic oxides. In Chapter XVII. (Note 43) we already 
pointed out this higher oxide of cerium. As the above-mentioned 
elements are rather rare in nature, have but little practical applica- 
tion, and do not present any new forms of combination, it is un» 
advisable to dwell on them in this treatise. 

Titanium is found in nature in the form of its anhydride or oxide, 
TiO a , mixed with silicon in many minerals, but the oxide is also found 

m bi« The plumbates of Ca and|other similar metals, mentioned in Chapter III. Note 7» 
also belong to the form PbX 4 . 
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separately in the form of semi-metallic rutile (sp. gr. 4*2). Another 
titanic mineral is found as a mixture in other ores, known as titanie 
iron ore (in the Thuensky mountains of the southern Ural ; it is known 
as thuenite), FeTiOj. This is a salt of ferrous oxido and titanic anhy- 
dride. It crystallises in the rhombohedric system, has a. metallic 
lustre, grey colour, sp. gr 45. The third mineral in which titanium is 
found in considerable quantities in nature is sphene or titanite, CaTiSi0 5 
= CaO,Si0 2 ,Ti0 2 , sp. gr. 3*5, colour yellow, green, or the like, crystal- 
lises in tablets. The fourth, but rare, titanic mineral is peroffskite, 
calcium titanate, CaTi0 3 ; it forms blackhh-grey or brown cubic 
crystals, sp. gr. 4*02, and occurs in the Ural and other localities. It 
may be prepared artificially by fusing sphene in an atmosphere of water 
vapour and carbonic anhydride. At the end of the last century Klap- 
roth showed the distinction between titanic compounds and all others 
then known. 57 

57 The compounds of titanium are generally obtained from rutile ; the finely-ground 
ore is fused with a considerable amount of acid potassium sulphate, until the titanic 
anhydride, as a feeble base, passes into solution. After cooling, the resultant mass is 
ground up, dissolved in cold water, and treated with ammonium hydrosulphide ; a black 
precipitate then separates out from the solution. This precipitate contains TiO? (as 
hydrate) and various metallic sulphides — for example, iron sulphide. It is first washed 
with water and then with a solution of sulphurous anhydride until it becomes colourless. 
This is due to the iron sulphide contained in the precipitate, and rendering it black, being 
converted into dithionate by the action of the sulphurous acid. The titanic acid left behind 
is nearly pure. The considerable volatility of titanium chloride may also be taken ad van 
tage of in preparing the compounds of titanium from rutilel It is formed by heating a 
mixture of rutile and charcoal in dry chlorine ; the distillate then contains titanium chlo- 
ride, TiCl 4 . It may be easily purified, owing to its having a constant boiling point of 136° 
Its specific gravity is 1*76 ; it is a colourless liquid, which fumes in the air, and is perfectly 
soluble in water if it be "not heated. When hot water acts on titanic chloride, a large 
proportion of titanic acid separates out from the solution and passes into metatitanic acid. 
A similar decomposition of acid solutions of titanic acid is accomplished whenever they 
are heated, and especially in the presence of sulphuric acid, just as with metastannic 
acid, which titanic acid resembles in many respects. On ignitiDg the titanic acid a 
colourless powder of the anhydride, TiOj, is obtained. In this form it is no longer soluble 
in acids or alkalis, and only fuses in the oxy-hydrogen flame ; but, like silica, it dissolves 
when fused with alkalis and their carbonates ; as already mentioned, it dissolves when 
fused with a considerable excess of acid potassium sulphate — that is, it then reacts as a 
feeble base. This shows the basic character of titanic anhydride ; it has at once, although 
feebly developed, both basic and acid properties. The fused mass, obtained from titanic 
anhydride and alkali when treated with water, parts with its alkali, and a residue is obtained 
of a sparingly-soluble poly- titanate, K 2 TiOjnTi0 2 . The hydrate, which is precipitated by 
ammonia from the solutions obtained by the fusion of Ti0 2 with acid potassium sulphate, 
when dried forms an amorphous mass of the composition Ti(OH) 4 . But it loses water over 
sulphuric acid, gradually passing into a hydrate of the composition TiO(OH)*, and when 
heated it parts with a still larger proportion of water; at 100° the hydrate TijOjtOH^ is 
obtained, and at 800° the anhydride itself. The higher hydrate, Ti(OH) 4 , is soluble in 
dilute acid, and the solution may be diluted with water ; but on boiling the sulphuric acid 
solution (though not the solution in hydrochloric acid), all the titanic acid separates in 
a modified form, which is, however, not only insoluble in dilute acids, but even in strong 
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The comparatively rare element zirconium, Zt = 90, is very similar 
to titanium, but has a more basic character. It is rarer in nature 
than titanium, and is found principally in a mineral called zircon, 
ZrSi0 4 = ZrO„SiO„ crystallising in square prisms, sp. gr. 4*5. It has 
considerable hardness and a characteristic brownish-yellow colour, and 

sulphuric acid. This hydrate has the composition -T^OjfOH)^ bat shows different pro- 
perties from those of the hydrate of the same composition described above, and therefore 
this modified hydrate is called metatitanie acid. It is most important to note the 
property of the ordinary gelatinous hydrate (that precipitated from acid solutions by 
ammonia) of dissolving in acids, the more bo since silica does not show this property. 
In this p roper t y a transition apparently appears between the cases of common solution 
(based on a capacity for unstable combination) and the case of the formation of a 
hydrosol (the solubility of germanium oxide, Ge0 2 , perhaps presents another such 
instance). If titanium chloride be added drop by drop to a dilute solution of alcohol 
and hydrogen peroxide, and then ammonia be added to the resultant solution, a yellow 
precipitate of titanium tricxide, TiOjHjO, separates out, as Piccini, Weller, and Classen 
showed. This substance apparently belongs to the category of true peroxides. 

Titanium chloride absorbs ammonia and forms a compound, TiCl 4 ,4NH 5 , as a red- 
brown powder which attracts moisture from the air and when ignited forms titanium 
nitride, Ti 5 N 4 . Phosphuretted hydrogen, hydrocyanic acid, and many similar compounds 
are also absorbed by titanium chloride, with the evolution of a considerable amount of 
heat/ Thus, for example, a yellow crystalline powder of the composition TiCl|,2HCN 
is obtained by passing dry hydrocyanic acid vapour into cold titanium chloride. 
Titanium chloride combines in a similar manner with cyanogen chloride, phosphorus 
pentachloride, and phosphorus oxychloride, forming molecular compounds, for example 
TiCl^POClj. This faculty for further combination probably stands in connection, on 
the one hand, with the capacity of titanium oxide to give polytitanatee, TiOfMO^nTiO? ; 
on the other hand, it corresponds with the kindred faculty of stannic chloride for the 
formation of poly-compounds (Note 41), and lastly it is probably related to the remark- 
able behaviour of titanium towards nitrogen. Metallic titanium, obtained as a grey 
powder by reducing potassium titanofluoride, KjTiF fl , (sp. gr. 855 K. Hofman 1893), with 
iron in a charcoal crucible, combines directly with nitrogen at a red heat. If titanic 
anhydride be ignited in a stream of ammonia, all the oxygen of the titanic oxide is 
disengaged, and the compound TiN s is formed as a dark violet substance having a copper- 
Ted lustre. A compound Ti 5 N a is also known ; it is obtained by igniting the compound 
Ti$N4 in a stream of hydrogen, and is of a golden-yellow colour with a metallic lustre. 
To this order of compounds also belongs the well-known and chemically historical 
compound known as titanium nitrocyanide ; its composition is Ti 5 CN 4 . This substance 
appears as infusible, sometimes well-formed, cubical crystals of sp. gr. 48, and having a 
red copper colour and metallic lustre ; it is found in blast furnace slag. It is insoluble 
in acids but is acted on by chlorine at a red heat, forming titanium chloride. It was at 
first regarded as metallic titanium ; it is formed in the blast furnace at tho expense of 
those cyanogen compounds (potassium cyanide and others) which are always present, 
and at the expense of the titanium compounds which accompany the ores of iron. 
Wohler, who investigated this- compound, obtained it artificially by heating a mixture of 
titanio oxide with a small quantity of charcoal, in a stream of nitrogen, and thus 
proved tHe direct power for combination between nitrogen and titanium. When fused 
with caustic potash, all the nitrogen compounds of titanium evolve ammonia and form 
potassium titanate. Like metals they are able to reduce many oxides — for example, 
oxides of copper— at a red heat. Among the alloys of titanium, the crystalline compound 
Al/Ti is remarkable. It is obtained by directly dissolving titanium in fused aluminium ; 
its specific gravity is 8 11. The crystals are very stable, and are only soluble in aqua 
regia and alkalis. 
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is occasionally found in the form of transparent crystals as a precious 
stone called hyacinth.** Metallic zirconium was obtained, by Bcrzelius 
and Troost, by the actiou of aluminium on potassium zirconofluoride in 
the same way that silicon is prepared ; it forms a crystalline powder, 
similar in appearance* to graphite and antimony, but having a very con- 
siderable hardness, not much lustre, sp. gf. 415. In many respects it 
resembles silicon ; it does not fuse when heattxl, and even oxidises with 
difficulty, but liberates hydrogen when fused with potash. When fused 
with silica it liberates silicon. With carbon in the electrical furnace it 
forms ZrC\>, with hydrogen it gives ZrH, (like CaH», Winkler, Vol. I., 
p. G21) ; hydrochloric and nitric acids act feebly on it, but aqua regia 

58 The formula ZrO was first given to the oxide of zircouiuia as a base, in this case 
Zr = 4"» whilst the present Atomic weight is Zr =» 90 — th.it is, the formula of the oxide is 
now recognised as being ZrO». The reasons for ascribing this formula to the compounds 
of zirconium are as follows. In the first place, the investigation of the crystalline forms 
of the zirconofluorides— for example, KjZrF^, MgZrF € ,5H ; 0— which proved to be 
analogous in composition and crystalliue form with the'correspomhng compounds of 
titanium, tin, and silicon. In the second place, the specific heat of Zr is 0067, which 
corre*|x>nds with the combining weight 00. The third and most important reason fof 
doubling the combining weight of zirconium was given by Deville's determination of the 
Tapour density of zirconium chloride, ZrCl 4 . This substance is obtained by igniting 
zirconium oxide mixed with charcoal in a stream of dry chlorine, and is a colourless, 
saline substance which is easily volatile at .440° Its density referred to air was found to 
be 813, that is 117 in relation to hydrogen, as it should be according to the molecuftur 
formula of this substance abore-cited. It exhibits, however, in many respects, a saline 
character and that of an acid chloranhydride, for zirconium oxide itself presents very 
feebly developed acid properties but clearly marked basic properties.. Thus zirconium 
chloride dissolves in water, and on evaporation tho solution only partially disengages 
hydrochloric acid — resembling magnesium chloride, for example. Zirconium was dis- 
covered and characterised as an individual element by Klaproth. 

Pure compounds of zirconium are generally prepared from zircon, which is finely 
ground, but as it is very hard it is first heated and thrown into cold water, by which 
means -it is disintegrated. Zircon is decomposed or dissolved when fused with acid 
potassium sulphate, or still more easily when fused with acid potassium fluoride 
(a double soluble salt, K 2 ZrF 6 , is then formed) ; however, zirconium compounds are 
generally prepared from powdered zircon by fusing it with sodium carbonate 
and then boiling in water An insoluble whito residue is obtained consisting of a 
compound of the oxides of sodium and zirconium, which is then treated with hydro- 
chloric acid and tho solution evaporated to dryness. The silica is thus converted 
into an insoluble form, and zirconium chlorido obtained in solution. Ammonia pre- 
cipitates zirconium hydroxide from this solution, as a white gelatinous precipitate, 
ZrO(OH)j. When ignited this hydroxide loses water and in so doing undergoes a spon- 
taneous recalescenco and leaves a white infusible and exceedingly hard mass of zirconium 
oxide, ZrO-j, having a specific gravity of 54 (in the electrical furnace ZrO* fuses and 
volatilises liko SiO>, Moisson). Owing to its infusibility, zirconium oxide is used as a 
substitute for lime and magnesia in the Druroraond light. This oxide, iu contradistinc- 
tion to titanium oxide, is soluble, even after prolonged ignition, in hot strong sulphuric 
acid. Tho hydroxide is easily soluble iu acids. The composition of the salts is ZrX«, or 
ZrOX v , or ZrOX»,ZrOj, just as with those of its analogues. But although sirconium 
oxide forms salts iu tho same way with acids, it also gives salts with bases. Thus it 
liberates carbonic anhydride when fused with sodium carbon 
Zr(NaO) 4 , ZrO(NaO) 2 , &c. Water, however, destroys these salts and extracts the soda. 
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easily dissolves it. It is distinguished from silicon by the fact that 
hydrofluoric acid acts on it with great facility, even in the cold and 
when diluted, whilst this acid does not act on silicon at all. 

The very similar element thorium (Th = 232) was distinguished by 
Berzelius from zirconium. It is very rarely met with, in tiiorite and 
orangeite, ThSi0 4 /2H 2 0. The latter is isomorphous with zircon (sp. gr. 
4.8).*> 

69 Thorium has also been found in the form of oxide in certain pyrochlores, euxini tes, 
monazites, and other tare minerals containing salts of niobium and phosphates. The 
compounds of thorium are prepared by decomposing thorite or orangeite with strong 
sulphuric acid at its boiling point ; this renders the silica insoluble, and the thorium 
oxide passes into solution when the residue is treated with cold water, after having been 
previously boiled with water (boiling water does not- dissolve the oxide of thorium). 
Lead and other impurities are separated by passing sulphuretted hydrogen through the 
solution, and the thorium hydroxide is then precipitated by ammonia. If this hydroxide 
be dissolved in the smallest possible amount of hydrochloric acid, and oxalic acid be then 
added, thorium oxalate is obtained as a white precipitate, which is insoluble in an excess 
of oxalic acid ; this reaction is taken advantage of for separating this metal from many 
others. It, however, resembles the cerite metals (Chapter XVII., Note 43) in this and 
many other respects. The thorium hydroxide is gelatinous; on ignition it leaves an 
infusible oxide, Th0 2 , which, when fused with borax, gives crystals of the same form as 
stannic oxide or titanic anhydride ; sp. gr. 986. But the basic properties are much more 
developed in thorium oxide tnan in the preceding oxides, and it does not even disengage 
carbonic acid when fused with sodium. carbonate — that is, it is a much more energetic 
base than zirconium oxide. The hydrate, Th0 2 , however, is soluble in a solution of 
Na,C0 5 (Chapter, XVII., Note 48). Thorium chloride, ThCl 4 , is obtained as a distinctly 
crystalline sublimate when thorium oxide, mixed with charcoal, is ignited in a stream of 
dry chlorine. When heated with potassium, thorium chloride gives a metallic powder ol 
thorium having a sp. gr. Ill- It burns in air, and is but slightly soluble in dilute acids. 
The atomic weight of thorium was established by Chydenius and Delafontaine on the 
basis of the ismorphism of the double fluorides. 
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CHAPTER XIX 

PH0SPH0RU8 AND THE OTHER ELEMENTS OP THE FIFTH GROUP 

Nitrogen is the lightest and most widely distributed representative of 
the elements of the fifth group, which form a higher saline oxide of the 
form R 2 5 , and a hydrogen compound of the form RH 3 . Phosphorus, 
arsenic, bismuth, and antimony belong to the uneven series of this 
group. Phosphorus is the most widely distributed of these elements. 
There \b hardly any mineral substance composing the mass of the 
earth's crust which does not contain some — it may be a small — amount 
of phospho'rus compounds in the form of the salts of phosphoric acid. 
The soil and earthy substances in general usually contain from one to 
ten parts of phosphoric acid in 10,000 parts. This amount, which 
appears so small, has, however, a very important significance in nature. 
No plant can attain its natural growth if it be planted in an artificial 
soil completely free from phosphoric acid. Plants equally require the 
presence of potash, magnesia, lime, and ferric oxide, among basic, and 
of carbonic, sulphuric, nitric, and phosphoric anhydrides, among acid 
oxides. In order to increase the fertility of a more or less poor soil, 
the above-named nutritive elements are introduced into it by means of 
fertilised. Direct experiment has proved that these substances are 
undoubtedly necessary to plants, but that they must be all present 
simultaneously and in small quantities, and that an excess, like an 
insufficiency, of one of these elements is necessarily followed by a bad 
harvest, or an imperfect growth, even if all the other conditions (light, 
heat, water, air) are normal. The phosphorio compounds of the soil 
accumulated by plants pass into the organism of animals, in which 
theso substances are assimilated in many instances in large quantities. 
Thus the chief component part of bones is calcium phosphate, Ca a P 2 8 , 
and it is on this that their hardness depends. 1 

1 Dry bones contain about one-third of gelatinous matter and about two-thirds of 
ash, chiefly calcium phosphate. The salts of phosphoric acid are also found in the mast 
of the earth as separate minerals; for example, the apatites contain this salt in a 
crystalline form, combined with calcium chloride or fluoride, CaR^SCa^PO^ where 
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Phosphorus was first extracted by Brand in 1669, by the ignition 
of evaporated urine. After the lapse of a century Scheele, who knew 
of the existence of a more abundant source of phosphorus in bones, 
pointed out the method which is now employed for the extraction of 
this element. Calcium phosphate in bones permeates a nitrogenous 
organic substance, which is called ossein, and forms a gelatin. 
When bones are treated exclusively for the extraction of phosphorus, 
neglecting the gelatin, they are burnt, in which case all the ossein is 
burnt away. When, however, it is desired to preserve the gelatin, the 
bones are immersed in cold dilute "hydrochloric acid, which dissolves 
the calcium phosphate and leaves the gelatin untouched ; calcium 
chloride and acid calcium phosphate, CaH 4 (P0 4 )„ are then obtained in 
the solution. When the bones are directly burnt in an open fire their 
mineral components only are left as an ash, containing about 90 per 
cent, of calcium phosphate, Ca 3 (P0 4 ) 2 , mixed with a small amount of 
calcium carbonate and other salts. This mass is treated with sulphuric 
acid, and then the same substance is obtained in the solution as was 
obtained from the unburnt bones immersed in hydrochloric acid — i.e. the 
acid calcium phosphate soluble in water, in which reaction naturally 
the chief part of the sulphuric acid is converted into calcium sulphate: 

Ca 3 (PO«) a + 2H s S0 4 = 2CaS0 4 +CaH 4 (P0 4 ),. 

Ca 3 (P0 4 ), 4- 4HC1 = 2CaCl, + CaH 4 (P0 4 ) t . 

On evaporating the solution, crystallisable acid calcium phosphate 
is obtained. The extraction of the phosphorus from this salt con- 
sists in heating it unth cliarcoal to a white Jieat. When heated, the 
acid phosphate, CaH 4 (P0 4 ) 8 , first parts with water, and forms the 
metaphosphate, Ca(P0 3 ) 2 , which for the sake of simplicity may be 
regarded, like the acid salt, as composed of pyrophosphate and phos- 
phoric anhydride, 2Ca(P0 3 ) 2 a CajP 2 7 + Pj0 5 . The latter, with 
charcoal, gives phosphorus and carbonic oxide, P,0 5 + 5C = P 2 + 5CO. 

B = F or CI, sometimes in a state of isomorphous mixture. This mineral often crystallises 
in fine hexagonal prisms ; sp. gr. 8*17 to 8*22. Vivianite is a hydrated ferrous phosphate, 
Fej(P0 4 )2,8H 9 0. Phosphates of copper are frequently found in copper mines ; for example, 
tagihte, Ca J (P0 4 ) ?1 Cu(OH) <t ,'2H a O. Lead and aluminium form similar salts. They are 
nearly all insoluble in water. The turquoise, for instance, is hydrated phosphate of alumina, 
(AlgOs) j,P 2 O s 5H 2 0, coloured with a salt of copper. Sea and other waters always contain 
a small amount of phosphates. The ash of sea-plants, as well as of land-plants, always 
contains phosphates. Deposits of calcium phosphate are often met with ; they are termed 
photphoritei and o*teolites t and are composed of the fossil remains of the bones of animals { 
they are used for manure. Of the same nature are the so-called guano deposits from 
Baker's Island, snd entire strata in Spain, France, and in the Governments of Orloff 
and Kursk in Russia. It is evident that if a soil destined for cultivation contain rery 
tittle phosphoric acid, the fertilisation by means of these minerals will be beneficial, 
tut, naturally, only if the other elements necessary to plants be present in the soiL 
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60 that in reality a somewhat complicated process takes place here, 
yielding ultimately products according to the following equation : 

2CaH 4 (P0 4 ) 2 4 5C « iHsO + CajPA + P a + 5CO. 

After the steam has come over, phosphorus and carbonic oxide distil 
over from the retort and calcium pyrophosphate remains behind. 1 bl » 

As phosphorus melts at about 40°, it condenses at the bottom of 
the receiver in a molten liquid mass, which is cast under water in 
tubes, and is sold in the form of sticks. This is common or yellow 
phosphorus. It is a transparent, yellowish, waxy substance, which is 
not brittle, almost insoluble in water, and easily undergoes change in 
its external appearance and properties under the action of light, heat, 
and of various substances. It crystallises (by sublimation or from its 
solution in carbon bisulphide) in the regular system, and a (in contra- 
distinction to the other varieties) is easily soluble in carbon bisulphide, 
and also partially in other oily liquids. In this it recalls common 

1 bb &y subjecting the pyrophosphate to the action of sulphuric or hydrochloric acid 
it is possible to obtain a fresh quantity of the acid salt from the residue, and in this 
manner to extract all the phosphorus. It is usual to take burnt bones, but mineral 
phosphorites, osteoHtes, and apatites may also be employed as materials for the ex- 
traction of phosphorus. Its extraction for the 
manufacture of matches is everywhere extending, 
and in Russia, in the Urals, in the Government of 
Perm, it has attained such proportions that the 
district is able to supply other countries with phos- 
phorus. A great many methods have been proposed 
for facilitating the extraction of phosphorus, but 
none of them differ essentially from the usual one, 
because the problem is dependent on the liberation 
of phosphoric acid by the action of acids, and on its 
ultimate reduction by charcoal. Thus the calcium 
phosphate may be mixed directly with charcoal and 
sand, and phosphorus will be liberated on heating 
the mixture, because the silica displaces the phos- _ 
phoric anhydride, which gives carbonic oxide and 
phosphorus with the charcoal. It has also been 
proposed 'to pass hydrochloric acid over an incan- 
descent mixture of calcium phosphate and charcoal ; 
the acid then acts just as the silica does, liberating 
phosphorio anhydride, which is. reduced by the 
charcoal. It is necessary to prevent the access of air in the condensation of the vapours 
of phosphorus, because they take fire very easily ; hence they are condensed under water 
by causing the gaseous products to pass through a vessel full of water. For this purpose 
the condenser shown in fig. 88 is usually employed. 

1 Vernon (1891) observed that ordinary (yellow) phosphorus is dimorphous. If it be 
melted and by careful cooling be brought in a liquid form to as low a temperature as 
possible, it gives a variety which melts at 45°*8 (the ordinary variety fuses at is°*S), 
•p. gr. l'S97(that of the ordinary variety is 1818) at 18°, crystallises in rhombic prisma 
{instead of in forms belonging to the cubical system). This is similar to the relation 
between octahedral and prismaiio sulphur (Chapter XX.). 




8S. — Preparation of phosphorus. 
The mixture is calcined in the retort 
c. The vapours of phosphorus pass 
through a into water without coming 
Into contact with air. The phos- 
phorus oondenses in the water, and 
tho gases accompanying It escape 
through!. 
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aulphur. Its specific gravity is 1*84. It fuses at 44°, and passes into 
vapour at 290° ; it is easily inflammable, and must therefore be 
handled with great caution ; careless rubbing is enough to cause phos- 
phorus to ignite. Its application in the manufacture of matches is 
based on this. 8 bl * It emits light in the air owing to its slow 3 oxida- 
tion, and is therefore kept under water (such water is phosphorescent 
in the dark, like phosphorus itself). It is also very easily oxidised by 
various oxidising agents and takes up the oxygen from many sub- 
stances. 9 bi * Phosphorus enters into direct combination with many 
metals and with sulphur, chlorine, <fcc, with development of a con- 
siderable amount of heat. It is very poisonous although not soluble in 
water. 

Besides this, there is a red variety of phosphorus, which differs con- 
siderably from the above. Red phosphorus (sometimes wrongly called 
amorphous pliosphorus) is partially formed when ordinary phosphorus 

* bU According to Here Irinyi (an Hungarian student), the first phosphorus matches 
were made in Austria at Roemer's works in 1835. 

5 The absorption of the oxygen of the atmosphere at a constant ordinary temperature 
by a large surface of phosphorus proceeds so uniformly, regularly, and rapidly, that it 
may serve, as Ikeda (Tokio, 1893) has shown, for demonstrating the law of the Telocity 
(rate) of reaction, which is considered in theoretical chemistry, and shows that the rate 
of reaction is proportional to the active mass of a substance — i.e. dx dt**k(A—x) where 
t is the time, A the initial mass of the reacting substance — in , this case oxygen — * 
the amount of it which has entered into reaction, and k the coefficient of proportionality. 
Ikeda took a test-tube {diameter about 10 mm.), and covered its outer surface with ft 
coating of phosphorus (by melting it in a test-tube of large diameter, inserting the 
smaller test-tube, and, when the phosphorus had solidified, breaking away the outer test* 
tube), and introduced it into a definite volume- of air, contained in a Woulfe's bottle 
(immersed in a water bath to maintain a constant temperature), one of whose orifices 
was connected with a mercury-manometer showing the fall of pressure, x. Knowing 
that the initial pressure of the oxygen (in air nearly 750 x '0209) was about 155 mm.«A, 
the coefficient of the rate of reaction k is given, by the law of the variation of the rate of 

reaction with the mass of the reacting substance, by the equation : it = log , where 

t A— x 

t is the time, counting from the commencement, of the experiment in minutes. When 
the surface of the phosphorus was about 11 eq. cm., the following results, were actually 
obtained 

t=10 30 30 40 50 60 minutes 

x = lC5 215 311 40-7 491 57*3 mm 

10,000 k = 32 32 32 83 S3 33 

The constancy of k is well shown in this case. The determination takes o. comparatively 
short time, so that it may serve as a lecture experiment, and demonstrates one of the 
most important laws of chemical mechanics. 

8 bl * Not only do oxidising agents like nitric, chromic, and similar acids act upon 
phosphorus, bat even the alkalis are attacked — that is, phosphorus acts as a reducing 
agent In fact it reduces many substances, for instance, copper from its salts. 
When phosphorus is heated with sodium carbonate, the latter is partially reduced to 
carbon. If phosphorus be placed under water slightly warmed, and a stream of oxygen 
be passed over it, it will burn under the water. 
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remains exposed to the action of light for a long time; It is alio 
formed in many reactions ; for example, when ordinary phosphorus 
combines with chlorine, bromine, iodine, or oxygen, a portion of it is 
converted into red phosphorus. Schrotter, in Vienna, investigated this 
variety of phospborus^and pointed out by what methods it may be 
produced in considerable quantities. Red phosphorus is a powdery red- 
brown opaque substance of specific gravity 2*14. It does not combine 
so energetically with oxygen and other substances as yellow phosphorus, 
and evolves less heat in combining with them. 4 Common phosphorus 
easily oxidises in the air ; red phosphorus does not oxidise at all at the 
ordinary temperature ; hence it does not phosphoresce in the air, and 
may be very conveniently kept in the* form of powder. It does not, like 
yellow phosphorus, fuse at 44° After being converted into vapour at 

* The thennochemical determinations for phosphorus and its compounds date from 
the last century, when Lavoisier and Laplace burnt phosphorus in oxygen in an ice 
calorimeter. Andrews, Despretz, Favre, and others have studied the same subject. The 
most accurate and complete data are due to Thomson. To determine the heat of 
combustion of yellow phosphorus, Thomson oxidised it in a calorimeter with iodic acid in 
the presence of water, and a mixture of phosphorous and phosphoric acids was thus 
formed (was not any hypophosphoric acid formed ?— Salter), and the iodic acid converted 
into hydriodic acid. It was first necessary to introduce two corrections into the calori- 
inetric result obtained, one for the oxidation of -the phosphorous into phosphoric acid, 
knowing their relative amounts by analysis, and the other for the dcoxidation of the 
iodic acid. The result then obtained expresses the conversion of phosphorous into 
hydrated phosphoric acid. This must be corrected for the heat of solution of the hydrate 
in water, and for the heat of combination of the anhydride with water, before we can 
obtain the heat evolved in the reaction of P a with & in the proportion for the formation 
of PjOy It is natural that with so complex a method there is a possibility of many 
small errors, and the resultant figures will only present a certain degree of accuracy 
after repeated corrections by various methods. Of such a kind are the following figures 
determined by Thomson, which we express in thousands of calories:— P a + 5 = 370 ; 
P a + Oj + 3H-P - 400 ; P a + 5 + a mass of water = 405. Heuce we see that Pq0 4 + 3H a O 
« 30 ; 2PH4O4 + an excess of water = 5. Experiment further showed that crystallised 
PH5O4, in dissolving in water, evolves 2*7 thousand calories, and that fused (39°) PH3O4 
evolves 5*2 thousand calories, whence the heat of fusion of H-P0 4 = '2-5 thousand calorieB. 
For phosphorous acid, HjPOs, Thomson obtained P 3 + Oj + 3H >0 « 250, and the solution of 
crystallised HjPOj in water = —013, and of fused HaPOj=> + 29. For hypophosphorous 
acid, HjPO?, the heats of solution are nearly the same (-017 and +21), and the heat 
of formation P* + O + 8H 4 0=75 ; heuce its conversion into 2H^P03 evolves 175 thousand 
calories, and the conversion of 2HsPOj into 2HjPC>4 = 150 thousand calories. For the 
sake of comparison we will take the combination of chlorine with phosphorus, also 
according to Thomsen, per 2 atoms of phosphorus, P 2 + 3Cl a = 151, P 2 + 5Cl 2 oi 210 thousand 
calories. In their reaction on an excess of water (with the formation of a solution), 
2PC1 5 =130, 2PC1* = 247, and 2P0C1 5 = 142 thousand calories. 

Besides which' we will cite the following data given by various observers, heat of 
fusion for P (that is, for 31 parts of phosphorus by weight) —0*15 thousand calories ; the 
conversion of yellow into red phosphorus for P, from +19 to +27 thousand calories I 
P + H 3 - 43, HI + PH 3 - 24, PH S + HBr = 22 thousand calories. 

At the ordinary temperature (20° C.) phosphorus is not «cidised by pure oxygen » 
oxidation only takes place with a slight rise of temperature, or the- dilution of the oxygea 
with other gases (especially nitrogen or hydrogen), or a decrease of pressure. 
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290° or 300°, it again passes into the ordinary variety when slowly 
cooled. Red phosphorus is not soluble in carbon bisulphide and other 
oily liquids, which permits of its being freed from any admixture of the 
ordinary phosphorus. It is not poisonous, and is used in many cases for 
which the ordinary phosphorus is unsuitable or dangerous ; for example, 
in the manufacture of matches, which are then not poisonous or in- 
flammable by accidental friction, and therefore the red variety has now 
replaced the ordinary phosphorus. 4 bi * 

The heads of the ' safety ' matches do not contain any phosphorus, 
but only substances capable of burning and of supporting combus- 
tion. Red phosphorus is spread over a surface on the box, and it 
is the friction against this phosphorus which ignites the matches. 
There is no danger of the matches taking fire accidentally, nor are 
they poisonous.* This red phosphorus is prepared by heating the 
ordinary phosphorus at 230° to 270° ; it is evident that this must 
be done in an atmosphere incapable of supporting combustion — 
for example, in nitrogen, carbonic anhydride, steam, «fcc. On a 

4bU Ordinary phosphorus takes fire at a temperature (60°) at which no other known 
substance will burn. Its application to the manufacture of matches is based on this 
property. In order to illustrate the easy inflammability of common (yellow) phosphorus, 
iU solution in carbon bisulphide may be poured over paper; this solvent quickly 
evaporates, and the free phosphorus spread over a large surface takes fire spontaneously, 
notwithstanding the cooling effect produced by the evaporation of the bisulphide. The 
majority of phosphorus matches are composed of common phosphorus mixed with some 
oxidising substance wliich easily gives up oxygen, such as lead dioxide, potassium 
chlorate, nitre, Arc. For thin purpose common phosphorus is carefully triturated under 
warm water containing a little gum ; lead dioxide and potassium nitrate are then added 
to the resultant emulsion, and the match ends, previously coated with sulphur or paraffin, 
are dipped into this preparation. After this the matches are dipped into a solution 
of gum and shellac, in order to preserve the phosphorus from the action of the air. 
When such a match containing particles of yellow phosphorus is rubbed over a rough 
surface, H becomes (especially at the point of rupture of the brittle gummy coating) 
slightly heated, and this is sufficient to cause the phosphorus to take fire and burn at 
the expense of the oxygen of the other ingredients. 

* In the so-called • safety * or Swedish matches (which are not poisonous, and do not 
take fire from accidental friction) a mixture of red phosphorus and glass forms the 
surface on which the matches are struck, and the matches themselves do not contain any 
phosphorus at all, but a mixture of antimonious sulphide, Sb^Sj (or similar com* 
bustible substances) and potassium chlorate (or other oxidising agents). The com- 
bustion, when once started by contact with the red phosphorus, proceeds by itself 
at the expense of the inflammatory and combustible elements contained in the tip of the 
match. The mixture applied on the match itself must not be liable to take fire from a blow 
or friction. The mixture forming the heads of the ' safety ' matches has the following 
approximate composition : 55-60 parts of chlorate of potassium, 6-10 parts of peroxide of 
manganese (or of K 2 Cr.|0 7 ), about 1 part of sulphur or charcoal, about 1 part of pent** 
sulphide of antimony, Sb^Sj, and 80-40 parts of rouge and powdered glass. This mixture 
is stirred up in gum or glue, and the matches are dipped into it. The paper on which 
the matches are struck is coated with a mixture of red phosphorus and triiulphide of 
antimony, SbgSj, stirred up in dextrine. 
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large scale, ordinary phosphorus is placed in closed iron vessels, 4 bb and 
immersed in a bath of different proportions of tin and lead, by which 
means the temperature of 250° necessary for the conversion is easily 
attained. It is kept at this temperature for some time. The tempera- 
ture is at 6rat oautiously raised, and the air is thus partially expelled 
by the heat, and also by the evolution of steam (the phosphorus is 
damp when put in), whilst the remaining oxygen is also partially 
absorbed by the phosphorus, so that an atmosphere of nitrogen is 
produced in the iron vessel. Red phosphorus enters into all the 
reactions proper to yellow phosphorus, only with greater difficulty 
and more slowly ; c and, as its vapour tension (volatility) is less than 

» uu Phosphorus only acts on iron at & red heat. The boiler it provided with a safety 
valve and gas-conducting tube, which is immersed in mercury or other liquid to prevent 
the admission of air into the boiler. 

• The specific heat of the yellow variety is 0*189— that is, greater, than that of the red 
variety, which is 0"170. The sp. gr. of the yellow is 1'84, and of the red prepared at 260° 
2*16, and of that prepared at 680° and above (i.e. •metallic' phosphorus, see below) 
« 2"34. At 280° the pressure of the vapour of ordinary phosphorus «= 614 millimetres 
of mercury, and of the red - — that is to say, the red phosphorus does not form 
any vapour at this temperature ; at 447° the vapour tension of ordinary phosphorus is at 
first = 5500 mm., but it gradually diminishes, whilst that of red phosphorus is equal to 
1636 mm. 

Hittorf, by heating the lower portion of a closed tube containing red phosphorus to 
630° and the upper portion to 447°, obtained crystals of the so-called * metallic ' phosphorus 
at the upper extremity. As the vapour tensions (according to Hittorf, at 580° the vapour 
tension of yellow phosphorus = 8040 mm., of red =» 6189mm., and of metallic = 4180mm.) 
and reactions are different, metallic phosphorus may be regarded as a distinct variety. 
It is still less energetic in its chemical reaction than red phosphorus, and it is denser 
than the two preceding varieties : sp. gr. «= 2*84. It docs not oxidise in the air ; is 
crystalline, and has a metallic lustre. It is obtained when ordinary phosphorus is heated 
with lead for several hours at 400° in a closed vessel, from which the air has been exhausted. 
The resultant mass is then treated with dilute nitric acid, which first dissolves the lead 
(phosphorus is electro-negative to lead, and does not, therefore, act on the nitric acid at 
first) and leaves brilliant rhombohedral crystals of phosphorus of a dark violet colour 
with a slight metallic lustre, which conduct an electric current incomparably better 
than the yellow variety; this also is characteristic of the metallic state of phos- 
phorus. 

The researches of Lemoine partially explain the passage of yellow (ordinary) phos- 
phorus into its other varieties. He heated a closed glass globe containing either ordinary or 
red phosphorus, in the vapour of sulphur (440°), and then determined the amount of the 
red and yellow varieties after various periods of time, by treating the mixture with carbon 
bisulphide. It appeared that after the lapse of a certain time a mixture of definite and 
.equal composition is obtained from both—that is, between the red and yellow varieties a 
ttate of equilibrium sets in like that of dissociation, or that observed in double decom- 
positions. But at the same time, the progress df the transformation appeared to be 
dependent on the relative quantity of phosphorus taken per volume of the globe 
.(sVe. upon the pressure). Neglecting the latter, we will cite as an example the amounts 
of the red phosphorus transformed into the ordinary, and of the ordinary not con* 
verted into red, per 80 grams of red or yellow taken per litre capacity of the globe, 
beated to 440°. When red phosphorus was taken, 475 grams of yellow phosphorus were 
f orasd after two hours, four grams after eight hours, three grains after twenty-four hour* 
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that of the yellow variety, it may be supposed that a polymerisation 
takes place in the passage of the yellow into the red modification, just aa 
in the passage of cyanogen into paracyanogen, or of cyanic acid into 
cyanuric acid (Chapter IX. Notes 39 bis and 48). 

The vapour of phosphorus is colourless ; its density remains constant 
between 300° and 1000° (Dumas, 1833; Mitscherlich, Deville, and 
Troost, 1859, and others). The density with respect to air has been 
determined as from 4*3 to 4*5. Hence, referred to hydrogen, it is 
4*4 x 14 4 = 63, corresponding with a molecular weight 124, i.e. the 
molecule of phosphorus in a state of vapour contains P 4 . The reader 
will remember that the molecule of nitrogen contains N 8 , of sulphur S 6 
or S 2l and of oxygen O a or 3 . 

The chemical energy of phosphorus in a free state more nearly 
approaches that of sulphur than nitrogen. Phosphorus is combustible and 
inflames at 60° ; but having in the act of combination parted with a por- 
tion of its energy in the form of heat it becomes analogous to nitrogen, 
so long as there is no question of its reduction back again into phos- 
phorus. Nitric acid is easily reduced to nitrogen, whilst phosphoric 
acid is reduced with very much greater difficulty. All the compounds of 
phosphorus are less volatile than those of nitrogen. Nitric acid, HN0 3l 
is easily distilled ; metaphosphoric acid, HP0 3 , is generally said to be 



and the last limit remained constant on further heating. When thirty grams of yellow 
phosphorus were taken, five grams remained unaltered after two hours, four grams 
after eight hours, and after twenty-four hours and more three grams as before. 
Troost and Hautefeuillo showed that liquid phosphorus in general changes more easily 
into the red than does phosphorus vapour, which, however, is able, although slowly, to 
deposit red phosphorus. 

The question presents itself as to whether phosphorus in a state of vapour is the 
ordinary or some other variety ? Hittorf (18G5) collected many data for the solution of 
this problem, which leave no doubt that (as experimental figures show) the density 
of the vapour of phosphorus is always the same, although the vapour tension of the 
different varieties and their mixtures is very variable. This shows that the different 
varieties of phosphorus only occur in a liquid and solid state, as indeed is implied 
in the idea of polymerisation. Strictly speaking, the vapour of phosphorus is a 
particular state of this substance, and the molecular formula P 4 refers only to it, and not 
to any other definite state of phosphorus. But Kaoult's solution method showed that 
in a benzene solution the fall of the freezing point indicates for ordinary phosphorus a 
molecule P^, judging by the determinations of Paterno and Nasini (1888), Hirtz (1890), 
and Beckmann (1891), who obtained for sulphur by the name method a molecular weight 
■= 8 fl) in conformity with the vapour density. Further research in this direction will 
perhaps show the possibility of finding the molecular weight of red phosphorus, if a 
means be discovered for dissolving it without converting it into the yellow variety. 

I think it will not be out of place here to draw the reader's attention to the fact that 
red phosphorus, which we must recognise as polymeric with the yellow, stands nearer to 
nitrogen, whose molecule is N 2 , in its small inclination towards chemical reaction*, 
although judging by its small vapour tension it must be more complex than ordinary 
(yellow and white) phosphorus. 
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non-volatile; triethylamine, N(C a H a )„ boils at 90°, and triethyl. 
phosphine, P(0 2 H a )„ at 127° 

Phosphorus not only combines easily and directly with oxygen, but 
also with chlorine, bromine, iodine, sulphur, and with certain metals, 
and red phosphorus when heated combines with hydrogen also. 6 bl » So, for 
instance, when fused with sodium under naphtha, phosphorus gives the 
compound Na 3 P a . 2inc, absorbing the vapour of phosphorus, gives the 
phosphide Zn 3 P, (sp. gr. 4*76) ; tin, SnP ; copper, Cu a P ; even platinum 
combines with phosphorus (PtP 8 , sp. gr. 8*77). 6 tri Iron, when combined 
even with a small quantity of phosphorus, becomes brittle. 7 Some of 
these compounds of phosphorus are obtained by the action of phos- 
phorus on the solutions of metallic salts, and by the ignition of metallic 
oxides in the vapour of phosphorus, or by heating mixtures of phos- 
phates with charcoal and metals. Phosphides do not exhibit the 
external properties of salts, whioh are so clearly seen in the chlorides 
and still distinctly observable in the sulphides. The phosphides of the 
metals of the alkalis and of the alkaline earths are even immediately 
and very easily decomposed by water, whereas this is found to be the 
case with only a very few sulphides, and still more rarely and indistinctly 
with the chlorides. We may take calcium phosphide as an example. 7 tu 

« bU Retgers (see farther on) showed this in 1894, and observed that As when heated 
also combines with hydrogen. 

« ui The capacity of mercury (Chapter XVI., Note 25 bis) to give unstable compounds 
with nitrogen gives rise to the supposition that similar compounds exist with phosphorus 
also. Such a compound was obtained by Granger (1892) by heating mercury with iodide 
of phosphorus in a closed tube at 275°-800°. After removing the iodide of mercury 
formed, there remain fine rhombic crystals having a metallic lustre, and composition 
HgjP a . This compound is o'able, does not alter at the ordinary temperature and only 
decomposes at a red heat ; when heated in air it burns with a flame. Nitric and hydro- 
chloric acids do not act upon it, but it is easily decomposed by aqua regis. A phosphide 
of copper, Cu^P* was obtained by Granger (1893) by heating a mixture of water, 
finely divided copper and red phosphorus in a sealed tube to 130°. The excess of 
copper was afterwards washed away by a solution of NH 3 in the presence of air. 

The metallic compounds of phosphorus possess a great chemical interest, because 
they show a transition from metallic alloys (for instance, of Sb.Ae) to the sulphides, halo* 
gen salts, and oxides, and on the other hand to the nitrides. Although there are already 
many fragmentary data on the subject, the interesting province of the metallic phos- 
phides cannot yet be regarded as in any way generalised. The varied applications (phos- 
phor-iron, phosphor-bronze, &c), which the phosphides have recently acquired should 
give a strong incentive to the complete and detailed study of this subject, which 
wttald, in my opinion, help to the explanation of chemical relations beginning with alloys 
(solutions) and ending with salts and the compounds of hydrogen (hydrides), because the 
phosphor-metals, as is proved by direct experiment, stand in the same relation to phos* 
phuretted hydrogen as the sulphides do towards sulphuretted hydrogen, or as the metallic 
chlorides to hydrochloric acid. 

7bU Many other compounds of phosphorus are also capable of forming phosphuretted 
hydrogen. Thus BP also gives PH 3 {sec Chapter XVIL, Note 12). According to Ltipke 
(1690) phosphuretted hydrogen is formed by phosphide of tin. The latter is prepared by 
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Phosphorus is laid in a deep crucible, and covered with a clay plug, 
over which lime is strewn. At a red heat the vapours of phosphorut 
combine with the oxygen of the lime and form phosphoric anhydride, 
which forms a salt with another portion of the lime, whilst the 
liberated calcium combines with the phosphorus and forms calcium 
phosphide. Its composition is not quite certain ; it may be CaP 
(corresponding with liquid phosphuretted hydrogen). This substance 
is remarkable for the following reaction : if we take water— or, better 
still, a dilute solution of hydrochloric acid — and throw calcium phos- 
phide into it, bubbles of gas are evolved, which take fire spon- 
taneously in the air and form white rings. This is owing to the fact 
that the liquid hydrogen phosphide, PH„ is first formed, thus, 
CaP + 2HC1 = CaClj + PH„ which, owing to its instability, very 
easily splits up into the solid phosphide, P 8 H, and gaseous phosphide, 
PHj ; 5PH 2 = P t H + 3PH 3 ; the latter corresponds with ammonia. 
The mixture of the gaseous and liquid phosphides takes fire spon- 
taneously in the air, forming phosphoric acid. The same hydrogen 
phosphides are formed when water acts on sodium phosphide (P s Na 3 ). 
A similar mixture of gaseous liquid and solid phosphuretted hydrogen 
{Retgers 1894) is formed by heating (in a glass tube) red phosphorus 
in a stream of dry hydrogen. Hence we see that there are three com- 
pounds of phosphorus with hydrogen : (1) The first or solid yellow 
phosphide, P 2 H (more probably P^j), is obtained by the action of 
strong hydrochloric acid on sodium phosphide ; it takes fire when 
struck or at 175°. (2) The liquid, PH ? , or more correctly expressed as 
the molecule, P 2 H 4 ,is a colourless liquid which takes fire spontaneously 
in the air, boils at 30°, is very unstable, and is easily decomposed (by 
light or hydrochloric acid) into the two other phosphides of hydrogen. 
It is prepared by passing the gases evolved by the action of water 
on calcium phosphide through a freezing mixture. 8 And, lastly, (3), 
gaseous hydrogen phosphide, phosphine, PH 3 , which is distinguished as 
being the most stable. It is a colourless gas, which does not take fire 
in the air. It has an odour of garlic, and is very poisonous. It 
treating molteu tin covered with a layer of carbonate of ammonium, with red phosphorus ; 
200-800 c.c. of water are then poured into a flask, 3-5 grams of this phosphide of tin 
dropped in, and after driving out the air by a stream of carbonic acid, hydrochloric acid 
(sp. gr. 1104) is poured in. The disengagement of phosphuretted hydrogen takes place on 
heating the flask in a water bath. The following is another easy method for preparing 
PH 3 . A mixture of 1 part of tine dust (fume) and 2 parts of red phosphorus are heated 
in an atmosphere of hydrogen (the mixture burns in air). Combination takes place 
accompanied by a flash, and a grey mass of Zn^Pj is formed which gives PH* when treated 
with dilute H 2 S0 4 . 

9 The spontaneous inflammability of the hydride PH a in air is very remarkable, and 
it is particularly interesting that its analogues in composition, P^Hj), (the formula must 
be doubled) and ZnfCjH^, also take fire spontaneously in air. 
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resembles ammonia in many of its properties. 8 b, » Tt is easily decom 
posed by heat, like ammonia, forming phosphorus and hydrogen ; but 
it is very slightly soluble in water, and does not saturate acids, 
although it forms compounds with some of them which resemble 
ammonium salts in their form and properties. Among them the com- 
pound with hydriodic acid, PH 4 I, analogous to ammonium iodide, is 
remarkable. This compound crystallises on sublimation in well-formed 
cubes, like sal-ammoniac, which it resembles in many respects. How- 
ever, this compound does not enter into those reactions of double 
decomposition which are proper to sal-ammoniac, because its saline 
properties are very feebly developed. Phosphuretted hydrogen also 
combines, like ammonia, with certain chlpranhyd rides ; but they are 
decomposed by water, with the evolution of phosphine. Ogier (1880) 
showed that hydrochloric acid also combines with phosphine under a 
pressure of 20 atmospheres at + 18°, and under the ordinary pressure 
at —35°, forming the crystalline phosphonium chloride PH 4 C1, corre- 
sponding to sal-ammoniac. Hydrobromic acid does the same with greater 
ease, and hydriodic acid with still greater facility, forming phosphonium 
iodide, PH 4 L* 

• >>«• The analogy between PH 3 and NHj is particularly clear in the hydrocarbon 
derivatives. Just as NH?R, NHRj, and NR 5 , where R is CH : , and other hydrocarbon 
radicles, correspond to NH 5 , so there are actually simitar compounds corresponding to PH r 
These compounds form a branch of organic chemistry. 

• The periodic law and direct experiment (the molecular weight) show that PH 3 is the 
normal compound of P and H and that it is more simple than PH a or P«H«, just as 
methane, CH 4 , is more simple than ethane, C >H«, whose empirical composition is CH 5 . 
The formation of liquid phosphuretted hydrogen may be understood from the law of 
substitution. The univalent radicle of PH 5 is PH<*. and if it is combined with H in PH? 
it replaces H in liquid phosphuretted hydrogen, which thus gives P >H|. This substance 
corresponds with free araidogen (hydrazine), N^H 4 (Chapter VI.) Probably Pjfi* is able 
to combine with HI, and perhaps also with 2HI, or other molecules — that is, to give a 
substance corresponding to pbosphoniun iodide. 

Phosphonium iodide, PHJ, may be prepared, according to Baeycr, in large quanti- 
ties in the following manner: — 100 parts of phosphorus are dissolved in dry carbon 
bisulphide in a tubulated retort : when the mixture has cooled, 176 parts of iodide 
are added little by little, and the carbon bisulphide is then distilled off, this being done 
towards the end of the operation in a current of dry carbonic anhydride at a moderate 
temperature. The neck of the retort is then connected with a wide glass tube, and the 
tubulure with a funnel furnished with a stopcock, and containing 50 parts of water. 
This water is added drop by drop to the phosphorous iodide, and a violent reaction takes 
place, with the evolution of hydriodic acid and phosphonium iodide. The latter collects 
as crystals in the glass tube and the retort itself. It is purified by further distilla- 
tions; more than 100 parts may be obtained. Baeyer expresses the reaction by the 
equation P)I + 2H a O = PH4I + P0 2 ; and the compound POj may be represented as 
phosphorous phosphoric anhydride: P«0 4 + P a 3 = 4PO* As a better proportion we 
may take 400 grams of phosphorus, 680 grams of iodine, and 940 grams of -water, and 
express the formation thus : 18P + 91 + 21H?0 = 8BL,P t 07 + 7PH4I + SHI (Chapter XI., 
Note 77). 

Phosphonium iodide and even phosphine act as reducing agents in solutions of 
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Phosphuretted hydwgen, or phosphine, PHg, is generally prepared by 
the action of caustic potash on phosphorus. 10 Small pieces of phos- 
phorus are dropped into a flask containing a strong solution of caustio 
potash and heated. Potassium hypophosphite, HjKPOj, is then ob- 
tained in solution ; gaseous phosphuretted hydrogen is evolved : 

P 4 + 3KHO+3H a O - 3(KH 2 P0 2 ) + PH* 

Liquid phosphuretted hydrogen (and free hydrogen) is also formed, 
together with the phospbine, so that the gaseous product, on escaping 
from the water into the air, takes fire spontaneously, forming beautiful 
white rings of phosphoric acid. In this experiment, as in that with 
calcium phosphide, it is the liquid, P 2 H 4 , that takes tire ; but the 
phospbine set light to by it also burns, PH 3 + 4 = PH 3 4 . The same 
phosphuretted hydrogen, PH 8 , may be obtained pure, ami not spon- 
taneously combustible, by igniting the hydrates of phosphorous acid 
(4PH 3 03 = PH3 + 3FH 3 4 ) and hypophosphorous acid (2PH 3 O f 
= PH 3 + PH 3 4 ) , or, more simply, by the decomposition of calcium 
phosphide by hydrochloric acid, because then all the liquid phosphide, 
P 2 H 4 , is decomposed into non-volatile P 2 H and gaseous PH S . Pure 
phosphine liquefies when cooled to —90°, boils at - 85°, and solidifies 
at —135° (Olszewski). When phosphorus burns in an excess 10 Ws of dry 

many metallic salts. Cavazzi showed that with a solution of sulphurous anhydride phos- 
phine gives sulphur and phosphoric acid. 

10 The air must first be expelled from the flask by hydrogen, or some other gas which 
will not support combustion, as otherwise an explosion might take ftlace owing to tut 
spontaneous inflammability of the phosphuretted hydrogen. 

The combustion of phosphuretted hydrogen in oxygen also takes place uuder water 
when the bubbles of both gases me*»t, and it is very brilliant. The phosphuretted 
hydrogen obtained by the action of phosphorus on caustic potash always contains fret 
hydrogen, and often even the greater part of the gas evolved consists of hydrogen. 

Pure phosphuretted hydrogen (not containing hydrogen or liquid or solid phos- 
phides) is obtained by the action of a solution of potash on phosphonium iodide: 
PH4I + KHO = PHj + KI + H./) (in just the same way as ammonia is liberated from 
ammonium chloride). The reaction proceeds easily, and the purity of the gas is seen 
from the fact that it is entirely absorbed by bleaching powder and is not spontaneously 
inflammable. Its mixture with oxygen explodes when the pressure is diminished 
(Chapter XVTIL, Note 8). The vapours of bromine, nitric acid, Arc, cause it to again 
acquire the property of inflaming in the air; that is, they partially decompose it, 
forming the liquid hydride, PjH 4 . Oppenheim showed that when red phosphorus is 
heated at 200° with hydrochloric acid in a closed tube it forms the compound 
PCl 3 (H-PO^), together with phosphine. 

10 bis if there be a deficiency of oxygen, phospJioroua anhydride P*0 3 is formed. It 
was obtained by Thorpe and Tutton (1890) and is easily volatilised, melts at 22°*5, boils 
without change (in an atmosphere of N 2 or COj) at 173°, and is therefore easily separated 
from P a 5 , which volatilises with difficulty. The vapour density shows that the mole- 
cular weight is double, i.e. P 4 O fl (like As^O-). Although colourless, phosphorous anhydride 
(its density in a state of fusion at 24° «= 1*980) turns yellow and reddens in sun-light 
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oxygen, then only phosphoric arrfiydride, Vfih* is formed. It is 
prepared by dropping pieces of phosphorus through a wide tube, fixed 
into the upper neck of a large glass globe, on to a cup suspended in the 
centre of the globe. These lumps are set alight by touching them with 
a hot wire, and the phosphorus burns into Pj0 5 , The dry air necessary 
for its combustion is forced into the globe through a lateral neck, and 
the white Bakes of phosphoric anhydride formed are carried by the 
current of air through a second lateral neck into a series of Woulfe's 
bottles, where they settle as friable white flakes. Phosphoric anhydride 
may also be formed by passing dry air through a solution of phosphorus 
in carbon bisulphide. All the materials for the preparation of this sub* 
stance must be carefully dried, because it combines with great eagerness 
ioith ivater, at the same time developing a large amount of heat and 
forming metaphosphoric acid, HP0 3 , from which the water cannot 
be separated by heat. Phosphoric anhydride is a colourless snow-like 
substance, which attracts moisture from the air with the utmost avidity. 
It fuses at a red heat, and then volatilises. Its affinity for water is so 
great that it takes it up from many substances. Thus it converts sul- 
phuric acid into sulphuric anhydride, and carbohydrates (wood, paper) 
are carbonised, and give up the elements of water when brought into 
contact with it. 

When moist phosphorus slowly oxidises in the air, it not only 
forms phosphorous and phosphoric acids, but also hypophosphofic acid, 
H 4 P 2 0,i, which when in a dry state easily splits up at 60° into phos- 
phorous and metaphosphoric acids (H 4 P 2 6 = H 3 P0 3 + HP0 3 ), but 
differs from a mixture of these acids in that it forms well-characterised 
salts, of which the sodium salt, H 2 Na 2 P 2 6 , is but slightly soluble in 
water (the sodium salts of phosphoric and phosphorous acids are easily 
soluble), and that it does not act as a reducing agent, like mixtures 
containing phosphorous acid. 11 

(possibly red phosphonis separates out ?), and decomposes at 400° forming hypophos- 
pborous anhydride P 3 4 (Note 11) and phosphorus. It passes into PjO* in air and 
oxygen, and when slightly heated in oxygen becomes luminous, and ultimately takes 
fire. Cold water slowly transforms P?0 3 into phosphoric acid, but hot water gives an 
explosion and leads to the formation of PH 5 , (P 4 0« + 6H 2 - PH 3 + 3PH 5 4 ). Alkali* 
act in the same manner. It takes fire in chlorine and forms POClj and POjCl, and 
combines with sulphur at 160°, forming P 2 S^0 5 (the molecular formula is double this) a 
substance which volatilises in vacuo and is decomposed by water into H^S and phosphoric 
acid, ije. it may be regarded as P3O5, in which 2 has been replaced by two atoms of 
sulphur Judging from the above, the mixture of P4O3 and P2O5 formed in the combus- 
tion of phosphorus in air is transformed into P<jOj in an excess of oxygen. 

11 Salzer proved the existence of hypophosphoric acid (it is also called subphosphorio 
acid), in which many chemists did not believe. Drawe (1888) and Ramraelsberg (1892) in* 
vestigated its salts. It may be obtained in a free state by the following method. The 
solution of acid produced by the slow oxidation of moist phosphorus is mixed with t 
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Judging by the general law of the formation of acids (Chapter XV.}, 
the series of phosphorus compounds should include the following ortho- 
acids and their corresponding anhydrides, answering to phosphuretted 
hydrogen, H 8 P :— 

H 3 P0 4 , phosphoric acid, and P*0 5 , anhydride, 

H 3 P0 3 , phosphorous acid, and P9O3, anhydride, 

H 3 PO„ hypophosphorous acid, and P a O, anhydride. lt 

The last of these (the analogue of N a O) is almost unknown. Phos- 
phoric anhydride (P 2 5 ) with a small quantity of water does not at first 
give orthophosphoric acid, PH 3 4 , but a compound P 8 O a ,H 4 0, or 
PHO3, whose composition corresponds with that of nitric acid ; this is 
metaphosphoric acid. Even with an excess of water, combining with 
phosphoric anhydride, this metaphosphoric acid, and not the ortho-, 
passes at first into solution. Metaphosphoric acid in solution only 
passes into orthophosphoric acid when the solution is heated or after 
a lapse of time. 

Orthophosphoric acid 13 is obtained by oxidising phosphorus with 
nitric acid until the phosphorus entirely passes into solution and the 

eolation (25 p.c.) Of sodium acetate. A salt, Na.2H a P a O < 5,6H 5 0, crystallises oat on cool- 
ing ; it is soluble in 45 parts of water, and gives a precipitate of PbjP a O© with lead salts 
(Ag 4 P a O e with salts of silver). The lead salt is decomposed by a current of hydrogen 
sulphide, wp.en lead sulphide is precipitated, while the solution, evaporated under the 
receiver of an air-pump, gives crystals of H4P 2 6 ,2H 2 0, which easily lose water and 
give H+PqCV The salts in which the H4 is replaced by Ni 2 , or NiNa,, or CdNa,, <fcc, 
are insoluble in water. 

In order to see the relation between phosphoric acid and hypophosphoric acid which 
does not contain the elements of phosphorous acid (because it does not reduce either 
gold or mercury from their solutions), but which nevertheless is capable of being oxidised 
(for example, by potassium permanganate) into phosphoric acid, it is simplest to apply 
the law of substitution. This clearly indicates the relation between oxalic acid, (COOH)*, 
and carbonic acid, OH(COOH). The relation between the above acids is exactly the 
same if we express phosphoric acid as OH(P00 2 H 2 ), because in this case P2H4O* or 
(P00 2 H 2 )s, will correspond with it just as oxalic does with carbonic acid. A similar 
relationship exists between hyposulphuric or dithionic acid, (SOaOH)*, and sulphurio 
acid, OH(S0 2 OH), as we shall find in the following chapter. Dithionic acid corresponds 
with the anhydride S 2 5 , intermediate between S0 2 and S0 3 ; oxalic acid with C 2 Oj, 
intermediate between CO and C0 2 ; hypophosphoric acid corresponds with the anhy* 
dride P 2 4 , intermediate between P 2 5 and P 2 5 , and the analogue of NjO*. 

u Besides the hydrates enumerated, a compound, PH 5 0, should correspond with PH5. 
This hydrate, which # is analogous to hydroxylamine, is not known in a free state, but it is 
known as triethylphosphine oxide, P(C 2 H 5 ) 5 0, which is obtained by the oxidation 0! 
triethylphosphine, PIC*!!^. It must be observed that there may also be lower oxides of 
phosphorus corresponding with PH 3 , like N 2 and NO, and there are even indications 
of the formation of such compounds, but the data concerning them cannot be considered 
as firmly established. 

u Phosphoric acid, being a soluble and almost non-volatile substance, cannot be pre* 
pared like hydrochloric and nitric acids by the action of sulphuric acid on the alkali phos- 
phates, although it is partially liberated in the process, |*or this purpose the salts of 
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lower oxides of nitrogen cease to be evolved The reaction takes place 
best with dilute nitric acid, and when aided by beat The resultant 
solution is evaporated to a syrup. If a weighed quantity of phosphorus 
(dried in a current of dry carbonic anhydride) be taken, a crystalline 
mass of the acid can be obtained by evaporating the solution until it con- 
sists only of the quantity " of phosphoric acid corresponding with the 
amount of phosphorus taken (from 31 parts of P, 98 parts of solution). 
The acid fuses at + 39° , speci6c gravity of the liquid 1 '88. Phosphorus 
pentachloride, PC1 5 , and oxychloride, POCl 3 (see further on), give 
orthophosphoric acid and hydrochloric acid with water. The two other 
varieties of phosphoric acid, with which we shall presently become 
acquainted, give the same ortho-acid when under the influence of acids, 
with particular ease when boiled and more slowly in the cold. By 
itself orthophosphoric acid (either in solution or when dry) does not 
pass into the other varieties : it does not oxidise, and therefore presents 
the limiting and stable form. When heated to 300°, it loses water and 
passes into pyrophosphoric acid, 2H 3 P0 4 = H,0 + H 4 P a 7 , whilst at a 
red heat it loses twice as much water and is converted into metaphos- 
phoric acid, H 3 P0 4 = H a O + HP0 3 . In aqueous solution orthophos- 
phoric acid differs clearly from pyro- or meta-phosphoric acids, because 
the solutions of these latter acids give different reactions thus ortho 
phosphoric acid does not precipitate albumin, does not give a precipitate 
with barium chloride, and forms a yellow precipitate of silver ortho- 
phosphate, Ag 3 P0 4 , with silver nitrate (in the presence of alkalis, but 
not otherwise) , whilst a solution of pyrophosphoric acid, H 4 P 2 7 , 
although it does not precipitate albumin or barium chloride, gives 
a white precipitate of silver pyrophosphate, Ag 4 P a 7 , with silver 
nitrate , and a solution of metaphosphoric acid, HP0 3 , precipitates 
both albumin and barium chloride, and gives a white precipitate of 
silver metaphosphate, AgP0 3 , with silver nitrate. These points of 
distinction were studied by Graham, and are exceedingly instructive. 
They show that the solution of a substance does not determine 
the maximum of chemical combination with water, that solutions may 
contain various degrees of combination with water, and that there is 
a clear difference between the water serving for solution and that 
entering into chemical combination. Graham's experiments also 
showed that the water whose removal or combination determines the 

barium or lead may be taken, because they gire insoluble salts, thus BasfPOtfe* 8H,804 
— SBaS0 4 + 2HjP0 4 3 Bone ash contains, besides calcinm phosphate, sodium and mag* 
nesram phosphates, and fluorides and other salts, so that it cannot gire directly a pose 
phosphoric acid. 

i« if this is not done the orthophosphoric acid, PH3O4, loses a portion of Us water, 
and than, as with an exce ss of water, it does not cry stallis e, 

•8 
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conversion of ortho- into meta- and pyrophosphorie acids differs dis- 
tinctly frcm water of crystallisation, for he obtained the salts of ortho-, 
meta-, and pyrophrsphjric acids with water of crystal' Lsation, and they 
differed in their reactions, like the acids themselves. This water of 
crystallisation was expelled with greater ease than the water of constitu- 
tion of the hydrates in question. Ubis 

Orthophosphoric acid has a pleasant acid taste and a distinctly acid 
reaction ; it is used as a medicine, and is not poisonous (phosphorous 
acid is poisonous). Alkalis, like sodium, potassium, and ammonium 
hydroxides, saturate the acid properties of phosphoric acid when taken 
in the ratio 2XaHO : H a P0 4 — that is, when salts of the composition 
HNa 1 P0 4 are formed. When taken in the ratio NaHO : H 3 P0 4 , a 
solution having an acid reaction is obtained, and when 3NaH0 : H,P0 4 
— that is, when the salt ya a P0 4 is formed— an alkaline reaction is 
obtained. Hence many chemists (Berzelius) even regarded the salts 
of composition R,HP0 4 as normal, and considered phosphoric acid 
to be bibasic. Bat the salt Na,HP0 4 also shows a feeble alkaline 
reaction, so that it is impossible to judge the characteristic peculiarities 
of acids by the reactions on litmus paper, as we already know from 
many examples. Orthophosphoric acid is tri basic, because it contains 
three equivalents of hydrogen replaceable by metals, forming salts, 
such as NaH,P0 4f Na,HP0 4 , and Na 3 P0 4 . It is also tribasic, because 
with silver nitrate its soluble salts always give Ag 3 P0 4 , 15 a salt with 
three equivalents of silver, and because by double decomposition with 

14 bw The difference between the reactions of ortho-, meta- and pyrophosphoric acid*, 
established by Graham (tee p. 163), is of such importance for the theory of hydrates and 
for explaining the nature of solutions, that in my opinion its influence upon chemical 
thought has been far from exhausted. At the present time many such instances are 
known both in organic (for instance, the difference between the reactions of the solutions 
of certain anhydrides and hydrates of acids), and inorganic chemistry (for example, the 
difference between the rose and purple cobalt compounds, Chapter XX11. <fcc.) They 
essentially recall the long known and generalised difference between C 2 H 4 (ethylene), 
CgHfO (ethyl alcohol « ethylene + water), and C 4 H l0 O (ethyl ether = 2 ethylene + water 
— 2 alcohol — water) ; but to the present day the numerous analogous phenomena exist- 
ing among inorganic substances are only considered as a simple difference in degrees of 
affinity, distinguishing the water of constitution (hydration), crystallisation, and solution 
without penetrating into the difference of the structure or distribution of the elements, 
which oxists here and gives rise to a distinct isomerism of solutions. In ray opinion the 
progress of chemistry, especially with regard to solutions, should make rapid strides when 
the cause of the isomerism of solutions, for instance, of ortho- and pyrophosphoric acids, 
has become as clear to us as the cause of many well-studied instances of the isomerism, 
pplymerism, and metamerism of organic compounds. Here it forms one of those many 
important problems which remain for the chemistry of the future in a state of only 
Indistinct presentiments and in the form of facts empirically known but insufficiently 
comprehended. 

«• 8ilvsr orthophosphate, AgjP0 4 , is yellow, sp. gr. 7*82, and insoluble in water. 
When heated it fuses like silver chloride, and if kept fused for some length of time 
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barium chloride it forms a gait of the composition Ba J (P0 4 ) t , and 
silver and barium hardly ever give basic salts. With the metals 
of the alkalis, phosphorio acid forms soluble salts, but the normal 
salts of the metals of the alkaline earths, R,(P0 4 ) 8 and even 
R v H 9 (P0 4 ) v are insoluble in water, but dissolve in feeble acids, such 
as phosphoric and acetic, because they then form soluble acid salts, 
especially RH 4 (P0 4 ) s .»« 

il gives a white pyrophosphate (the decomposition which oausee this k not known). 
It if soluble in aqueous solutions of phosphorio, nitric, and even aostio acids, of 
ammonia, and many of its salts. If silver nitrate acts on a dimetallic orthopnea- 
phete— for instance, Na*HP0 4 — it still gives AgiP0 4 , nitrio add being diasngagad: 
Na^P0 4 + 8AgNO s -Ag i P0 4 + aNaNO s +HNO,. Whan aloohol is added to silrer 
orthophosphato, A&PO4, dissolved in syrupy phosphorio add, it predpitatee a 
white salt (the aloohol takes up the free phosphorio add) having the composition 
Ag«HP0 4 , which is immediately decomposed by water into the normal salt and phos- 
phoric acid. 

10 The researches of Thomson showed that in very dilute aqueous solutions the 
majority of monobasic acids — nitric, acetic, hydrochloric, &o. (hut hydrofluoric add mora 
and hydrocyanic less)— HX evolve the following amounts of heat (in thousands of calories) 
with ©aostio soda: NaHO + 9HX-14; NeHO + HX-14; 9NeHO + HX-14; that is, if 
ft be a whole number nNaHO + HX - 14 and NaHO + nHX * 14. Hence reaction here only 
takes place between one molecule of NaHO and one molecule of add, and the remaining 
quantity of add or alkali does not enter into the reaction. In the case of bibesio adds, 
HfR" (sulphuric, dithionio, oxalic, sulphuretted hydrogen, Ac), NaHO-J-ftH t B"-14 ; 
NaHO + H.ir-14; 9NeHO + H a R"-98; nNaHO + H^B"»S8; thetis, with en excess o* 
add (NaHO + SH'tR") 14 thousand units of heat are developed, and with an excess of alkali 
18. When phosphoric acid is taken (but not all tribaaio acids — for instance, not citric) the 
general chsracter of the phenomenon is similar to the preceding, namely, NaHO + 9H S P0 4 
- 14*7 ; NaHO + HjP0 4 - 148; SNaHO + H,P0 4 - 971 ; 8NaHO +H»P0 4 - 840; 
•NaHO + HsP0 4 - 858 ; or, in general terms, NaHO + nH»P0 4 - 14 (approximately) and 
nNaHO + H s P0 4 ■- 86 and not 43, which shows a peculiarity of phosphorio acid. In the 
oase of energetic adds, when one equivalent (98 grams) of sodium (in the form of 
hydroxide) replaces one equivalent (1 gram) of hydrogen (with the formation of water 
and in dilute solutions), 14,000 heat units are evolved ; and this is true for phosphorio 
acid whan in HjP0 4 , Na or Na, replaces H or H„ but when Nag replaces H s less heat is 
developed. This will be seen from the following scheme based on the preceding 
figures: HjPO^NeHO - 14 8; NaH«P0 4 + NaHO - 19-8; Na t HP0 4 + NaHO - 50; 
with Ns«P0 4 + NaHO, a very small amount of heat is evolved, as may be judged from 
the fact that NasP0 4 + SNaHO - 18, but still heat is evolved. It must be supposed 
that in acting on phosphoric add in the preaenoe of a large quantity of water, a oartein 
portion of the sodium hydroxide remains as alkali unoombined with the add. Thus, on 
increasing the mass of the alkali, heat is still evolved, and a fresh interchange between 
NaandH takes place. Hence water shows a decomposing action on the alkali phosphates: 
Ths same decomposing action of water is seen, but to a leas extent, with Ns*HP0 4 , as 
may be judged both from the reactions of this salt and from the amount of hea^ 
developed by NaH*P0 4 with NaHO. Such an explanation is in accordance with many 
facts concerning the decomposition of salts by water already known to us. Recent 
r esear ch es made by Berthelot and LotUruinine have confirmed the above deductions made 
by me in the first edition (1871) of this work. At the prvsent time views of this nature are 
somewhat generally accepted, although they are not buftu ieut!y strictly applied in other 
eases. As regards PH 5 4 it may be said that : on the substitution of the first hydrogen 
this acid acts as a powerful acid (like HC1, HN0 5 , H a S0 4 ) ; on the substitution of the 
second hydrogen as a weaker acid (like an organic acid) ; and on the substitution of 
the third, as an alcohol, for instance phenol, having the properties of a feeble acid. 
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Phosphoric anhydride, or any of its hydrates, whoa ignited with an 
excess of sodium hydroxide, carbonate, <fcc, forms normal or trisodium 
orthophosphate, Na 3 P0 4 , but when a solution of sodium carbonate is 
decomposed by orthophosphoric acid, only the salt Na 2 HP0 4 is 
formed ; and when an excess of sodium chloride is ignited with 
orthophosphoric acid, hydrochloric acid is evolved, and the acid salt 
H 2 NaP0 4 alone is formed. These facts clearly indicate the small 
energy of phosphoric acid with respect to the formation of the tri- 
metallic salt, which is seen further from the fact that the salt Na 3 P0 4 
has an alkaline reaction, decomposes in the presence of water and car- 
bonic acid, forming Na 2 HP0 4 , corrodes glass vessels in which it is 
boiled or evaporated, just like solutions of the alkalis, disengages, like 
them, ammonia from ammonium chloride, and crystallises from solu- 
tions, as Na 3 P0 4 ,12H 2 0, only in the presence* of an excess of alkali 
At 15° the crystals of this salt require five parts of water for solution ; 
%y fuse at 77°. 

Disodium orthophosphate, or common sodium phosphate, Na s HP0 49 
is more stable both in solution and in the solid state. As it is used in 
medicine and in dyeing, it is prepared in considerable quantities, most 
frequently from the impure phosphoric acid obtained by the action of 
sulphuric acid on bone ash. The solution thus formed — which contains, 
besides phospborio and sulphuric acids, salts of sodium, calcium, and 
magnesium — is heated, and sodium carbonate added so long as car- 
bonic anhydride is disengaged. A precipitate is formed containing the 
insoluble salts of magnesium and calcium, whilst the solution contains 
sodium phosphate, Na 2 HP0 4 , with a small quantity of other salts, from 
which it may be easily purified by crystallisation. At the ordinary 
temperature its solutions, especially in the presence of a small amount 
of sodium carbonate, give finely-formed inclined prismatic crystals, 
Na2HP0 4l 12H 2 ; when the crystallisation takes place above 30° 
they only contain 7H 2 0. The former crystals even lose a portion of 
their water of crystallisation at the ordinary temperature (the salt 
effloresces), and form the second salt with 7H 2 ; whilst under the 
receiver of an air-pump and over sulphuric acid they also part with 
this water. 17 When ignited they lose the last molecule of water of 
constitution, and give sodium pyrophosphate, Na 4 P 2 7 . 

17 Na*HP0 4 ,12H 2 has a sp. gr 153. Poggiale determined the solubility in 100 
parts of water (1) of the anhydrous ortho-salt Niu 2 HP0 4 , and (2) of the corresponding 
pyro-salt Na4P 2 7 :— 

0° 20° 40° 80° 100° 

L 1-5 111 80-9 81 108 

IL 8f» 6*2 18*5 80 40 

At temperatures of 20° to 100° the ortho-salt is so very much less soluble that this 
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Mono8odium orthopfiospliate, NaH 2 F0 4 , crystallises with one 
equivalent of water ; its solution has an acid reaction. At 100° the 
salt only loses this water of crystallisation, and at about 200° it parts 
with all its water, forming the metaphosphate NaP0 3 . It is pre- 
pared from ordinary sodium phosphate by adding phosphoric acid 
until the solution does not give a precipitate with barium chloride, and 
then evaporating and crystallising the solution. The solution of this 
salt does not absorb carbonic anhydride, and does not give a precipitate 
with salts of calcium, barium, &c. 18 

difference alone already indicates the deeply-seated alteration in constitution which takes 
place in the passage from the ortho- to the pyro-salts. 

l * The ammonium orthophosphates resemble the sodium salts in many respects, but 
the instability of the di- and tri- metallic salts is seen in them still more clearly than in 
the sodium salts; thus (NH 4 )jP0 4 , and even (NH 4 ) 2 HPO i , lose ammonia in the air 
(especially when heated, even in solutions) ; NH 4 H 9 P0 4 alone does not disengage ammonia 
and has an acid reaction. The crystals of the first salt contain 8H 9 0, and are only 
formed in the presence of an excess of ammonia ; both the others are anhydrous, and 
may be obtained like the sodium salts. When ignited these salts leave metaphosphorio 
acid behind ; for example, (NH 4 ) 2 HP0 4 = 2NH S = H 2 + HPO s . Ammonia also enters 
into the composition of many double phosphates. Ammonium sodium orthophosphate, 
or simply phosphate, NH 4 NaHP0 4 ,4H 2 0, crystallises in large transparent crystals from 
• mixture of the solutions of disodium phosphate and ammonium chloride (in which 
case sodium chloride is obtained in the mother liquid), or, better still, from a solution of 
monosodium phosphate saturated with ammonia. It is also formed from the phosphates 
in mine when it ferments. This salt is frequently used in testing metallic compounds 
by the blow-pipe, because when ignited it leaves a vitreous metaphosphate, NaPO* 
which, like borax, dissolves metallic oxides, forming characteristic tinted glasses. 

When a solution of trisodium phosphate is added to a solution of a magnesium salt it 
gives a white precipitate of the normal orthophosphate Mg 3 (P0 4 ) 3 ,7H 9 0. If the tri- 
sodium salt be replaced by the ordinary salt, Ns 3 HP0 4 , a precipitate is also formed, and 
MgHP0 4 ,7H^> is obtained. It might be thought that the normal salt Mgs(P0 4 )j would 
be precipitated if disodium phosphate was added to ammonia and a salt of magnesium, but 
in reality am monium magnesium orthophosphate, MgNH^PO^GHaO, is precipitated as 
a crystalline powder, which loses ammonia and water when ignited, and gives a pyro- 
phosphate, MgjPfO^. This salt occurs in nature as the mineral struvite, and in various 
prodooss of the changes of animal matter. If we consider that the above salt parts with 
ammonia with difficulty, and that the corresponding sslt of sodium is not formed under 
the same conditions (MgNaPO^H^O is obtained by the action of magnesia on disodium 
phosphate), if we turn our attention to the fact that the salts of calcium and barium do 
not form double salts as easily as magnesium, and remember that the salts of mag- 
nesium in general easily form double ammonium salts, we are led to think that this 
salt is not really a normal, but an acid salt, corresponding with NsujHPO^ in which Na§ 
it replaced by the equivalent group NH 5 Mg. 

The common normal calcium phosphate, Ca^PO^ occurs in minerals, in animals, 
especially in bones, and also probably in plants, although the ash of many portions of 
plants, ss a rule, contains less lime than the formation of the normal salt requires. Thus 
100 parts of the ash (from 5,000 parts of grain) of rye grain contain 476 of phosphorio 
anhydride and only 9*7 of lime, and even the ash of the whole of the rye (including the 
straw) contains twice as mucb phosphoric anhydride as lime, and the normal salt contains 
almost equal weights of these substances. Only the ash of grasses, and especially of 
clover, and of trees, contains in the majority of cases more lime than is required for the 
formation of Ca$P a O». This salt, which is insoluble in water, dissolves even in such 



r 



Digitized by 



Google 



168 PRINCIPLES OF CHEMISTRY 

As a hydrate, orthophosphorio acid should be expressed, after the 
fashion of other hydrates, as containing three water residues (hydroxy! 
groups), i.e. as PO(OH) 3 . This method of expression indicates that 
the type PX A , seen in PH 4 I, is here preserved, with the substitu- 
tion of X t by oxygen and X 3 by three hydroxy 1 groups. The same 
type appears in POCl 3 , PC1 6 , PF a , Ac. And if we recognise phos* 
phoric acid as PO(OH) 3 , we should expect to 6nd three anhydrides 
corresponding with it : (1) [PO(OH),],0, in which two of the threo 
hydroxyls are preserved ; this is pyrophosphoric acid, H 4 P 9 7 . (2) 
PO(OH)0, where only one hydroxyl is preserved. This is metaphos- 
phoric acid. (3) (PO) s 3 or P 3 O s , that is, perfect phosphoric anhydride. 
Therefore, pyro- and meta-phosphoric acids are imperfect anhydrides (or 
anhydro-acid8) of orthophosphoric acid. 19 

feeble acids as acetic and sulphurous, and even in water containing carbonio acid. Th» 
latter fact it of immense importance in nature, since by reason of it rain water is able to 
transfer the calcium phosphates in the soil into eolations which are absorbed by plants. 
The solubility of the normal salt in acids takes place by virtue of the formation of an 
acid salt, which is evident from the quantity of acid required for its solution, and more* 
especially from the fact that the acid solutions when evaporated give crystalline scale* 
of the acid calcium phosphate, CaH^PO*)?, soluble in water. This solubility of the acid 
salt forms the basis of the treatment by acids of bones, phosphorites, guano, and other 
natural products containing the normal salt and employed for fertilising the soil. The 
perfect decomposition requires at least 2IL,S0 4 to Ca^PO,)^ but in reality less is taken,, 
so that only a portion of the normal salt is converted into the acid salt. Hydrochloric* 
acid is sometimes used. (In practice such mixtures are known as superphosphates). 
Certain experiments, however, show that a thorough grinding, the presence of organic, and 
especially of nitrogenous, substances, and the porous structure of some calcium phosphates 
(for example, in burnt bones), render the treatment of phosphoric manures by acids super- 
fluous — that is, the crop is not improved by it. 

»• In this sense the ortho-acid itself might be regarded as an anhydro-acid, counting 
P(HO) s as the perfect hydrate, if PH 5 existed ; but as in general the normal hydrates 
correspond with the existing hydrogen compounds with the addition of up to 4 atoms of 
oxygen, therefore PH s 4 is the normal acid, just as SH a 4 and C1H0 4 ; while NHO* 
CHsOs are meta-acids, or higher normal acids (NH 5 4 and CH4O4) with the loss of a 
molecule of water. 

In order to see the relation between the ortho-, pyro-, and meta-phosphoric adds, the* 
first thing to remark in them is that the anhydride P a 5 is combined with 8, 2, and 1 
molecules of water. In the absence of data for the molecular weight of ortho- and pyro- 
phosphoric acids it is necessary to mention that all existing data for meta-phosphoric acid 
indicate (Note 21) that its molecule is much more complex and contains at least H3P3Q1, 
or H^P Ot 8 . The explanation of the problems which here present themselves can, it seema 
to me, be only looked for after a detailed study of the phenomena of the polymerisationa 
of mineral substances, and of those complex acids, such as phosphomolybdic, which we 
shall hereafter describe (Chapter XXI.) A similar instance is exhibited in the solubility 
of hydrate of silica (produced by the action of silicon fluoride on water) in fused meta- 
phosphoric acid, with the formation, on cooling, of an octahedral compound (sp. gr., 8*1)" 
containing SiC^JVDj. A certain indication (but no proof) that ordinary orthophos- 
phorio acid is polymerised is given by Staudenmaier (1893), who obtained a salt, 
Kftl^PgOis, by the action of a solution of KH 2 PO< upon K 2 CO s ; and a compound, 
KH s P a O a , corresponding to the doubled molecule of HjP0 4 , by the action of KHjPO*, 
opon H5PO4 itself. 



Digitized by 



Google 



PHOSPHORUS AND THE OTHER ELEMENTS OF GROUP V. 169 

Pyrophosphoric oeic^ H 4 P 8 7 , is formed by beating orthophos- 
phoric acid to 250° when it loses water. 19 bU Its normal salts are 
formed by igniting the dimetallic salts of orthophosphoric acid of 
the types HM 2 P0 4 . Thus from the disodium salt we obtain sodium 
.pyrophosphate, Na 4 P,0 7 (it crystallises from water with 10H a O, k 
very stable, fuses when heated, has an alkaline reaction, and does not 
form ortho-salts when its solution is boiled): and from the mono- 
sodium salt NaH 2 P0 4 the acid salt Na 2 H 8 P a 7 (easily soluble in 
water) is formed ; this has an acid reaction, and when ignited further 
gives the m eta -salt. 20 

Metaphosphoric acid, HP0 3 (the analogue of nitric acid), is formed 
by the ignition of the pyro- and ortho-acids (or, better, of their 
ammonium salts), as a vitreous, hygroscopic, fused mass (glacial phoS' 
phoric acid, actdum phosphoricum glaciate), soluble in water and 
volatilising without < decomposition. It is also formed in the first 
slow action of cold water on the anhydride, but metaphosphoric acid 
gradually changes into the ortho-acid when its solution is boiled, or 
when it is kept for any length of time, especially in the presence of 
acids. 11 

itbu According to Watson (1898) the ortho-acid is partially transformed into the 
pyro-acid at 280°, whilst at 260° the latter begins to volatilise. At 800° the meta-acid 
only is formed. 

M The method of preparation of the acid itself consists in converting the sodium salt, 
Na^P^O;, by double decomposition with wster and a salt of lead, into insoluble lead 
pyrophosphate, Pb,P 2 7 , which is then suspended in water and decomposed by sulphur- 
etted hydrogen ; lead sulphide is thus precipitated, and pyrophosphoric acid remains. in 
solution. This solution cannot be heated, or the pyro-acid will pass into the ortho-, but 
must be evaporated under the receiver of an air-pump. It concentrates to a syrup and 
crystallises, and when ignited in this form loses, water, and forms metaphosphoric acid. 
It resembles orthophosphoric acid in many respects ; its salts with the alkalis are also 
soluble, and the others insoluble in water but soluble in adds. When heated in solution 
with acid it gives orthophosphoric acid, as well as when fused with an excess of alkali. 

Witt heated ammonium chloride with phosphoric acid (hydrochloric acid was evolved), 
ignited the residue to drive off ammonia, and obtained pyrophosphorio acid in the 
residue. 

91 As when using phenolphthalein as an indicator in neutralising by an alkali meta* 
phosphoric acid is monobasic, and orthophosphoric acid is bibasio, it is possible by means 
of this difference to follow the transition of meta- into ortho-phosphoric acid. Sabatier 
(1888) carried on an investigation of this nature, and found that the rate of transforma- 
tion is dependent on the temperature, and is subject to the general lawaof the rate of 
chemical transformations which belongs to physical chemistry. 

Metaphosphoric acid has a particular interest in respect to the variations to which 
its salts are subject. The metaphosphates are formed by the ignition of the acid ortho- 
phosphates, MR>P0 4 , or MNH4HPO4, or of the acid pyrophosphates, M 3 H2P 2 7 , or 
MjfNH^P^Oy, water and ammonia being given off in the process. The properties of the 
metaphosphates, which have a similar composition to nitrates — for instance, NaPOj, ot 
B*(POsh — vary according to the duration of the ignition to which the ortho-, or pyro- 
phosphates from which they are prepared have been subjected. When the salts NaH 2 P0 4 
or NH*NaHP0 4 ore strongly ignited, a salt NaPO s is formed, which deliquesces in the 
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In order to see the relation between phosphoric acid and the lower 
acids of phosphorus, it is simplest to imagine the substitution of 

fear, and gives a gelatinous precipitate with salts of the alkaline earths. Bat, as Graham 
(in 1830-40), and many others, especially Fleitmann and Henneberg (in 1810-60), and 
Tamman (in the nineties), observed, under, other conditi6ni the salts of the same com- 
position acquire other properties. The above chemists recognise five polymerio forms of 
metapnosphates, (HP0 8 )». We will follow the nomenclature and researches of FkiU 
mann. 

Monometaphosphorie acid. The salts are distinguished for their insolubility in 
water ; even the salts NaPOg, KPOj, are insoluble. They are obtained by igniting the 
monometallic orthophosphates — for example, RfL*P0 4 — up to the temperature at which' 
all water is evolved (816°), but not to fusion. No double salts are known. 

JHmetaphosphorie acid\ on the contrary, eaafly forms double salts — for example, 
KNaPfOf, and also the copper potassium salt,<kc The copper salt is obtained by evapo- 
rating a solution of copper oxide in orthophosphoric acid. A blue ortho-salt, CuKH0 4 , 
first separates from the solution, then a light-blue pyro-salt, Cu^P^O? ; and above 850°, 
when metaphosphorio acid itself begins to volatilise, the dimetaphosphate, CuPjOo, it 
formed. The residue is washed with water, and decomposed with a hot solution of sodium 
sulphide, when the sodium salt, Na 9 P 2 6 , is obtained in solution. This salt, when evapo- 
rated with alcohol, gives crystals containing 2 mol. H3O, which, however, retain their 
solubility (in 7 parte of water) after the water is driven off at 100°. When fused, these 
crystals give a deliquescent salt (hexa-metaphosphate). The solution of the salt has a 
neutral reaction, which only after prolonged boiling becomes acid, owing to the forma- 
tion of orthophosphate, NaH 2 P0 4 . The soluble. salts of dimetaphosphoric acid give the 
insoluble silver salt, Ag*P s Ot, with silver nitrate, and a precipitate of BaPjO«2H 3 
with barium chloride. 

Trimetaphosphoric acid is obtained as the sodium salt NajPjOa when any other 
metaphosphate of sodium is fused and slowly cooled, then dissolved in a slight excess 
of warm water, and the resultant solution evaporated. The crystals contain 6 moL H^O, 
and dissolve in four parts of water. An acid reaction is only obtained, as with the pre- 
ceding salt, after prolonged boiling with water. The acid is a true analogue of nitrio 
acid, because all its metallic salts are soluble. 

Hexametaphosphoric acid. Fleitmann so named the ordinary metaphosphoric add 
(glacial) which attracts moisture. The deliquescent sodium salt is obtained, like the tri- 
metaphosphate, only by rapid cooling. It is also formed by fusing silver oxide with 
an excess of phosphoric acid. The sodium salt is soluble in water, and gives viscous, 
elastic precipitates with saltf.of Ba, Ca, and Mg. JLubert (1893) obtained salts of Ag, 
Pb,&c. 

Jawein and ThOlot (1889), who investigated the sodium salts of metaphosphoric acid 
by Raoult's method, came to the conclusion that the salts of di- and tri-metaphosphbrio 
acid behave in such a manner that their molecule must be represented as non-polymerised 
NaP0 3 , whilst those of hexametaphosphoric acid behave as (NaPOj)^. At all events, 
the series of salts which Fleitmann and Henneberg regard as monometaphosphates — tA 
as non-polymerised — are most probably the most polymerised, because they are in- 
soluble. 

According to Tamman'g researches, vitreous metaphosphoric acid contains a mixture 
consisting chiefly of two varieties, differing in the solubility and degree of stability of 
their salts. The least stable corresponds to Flcitmann's hexa-acid, and gives three 
Isomeric salts. Tamman came to the conclusion that there exist polymers also in the 
form of penta-, ortho-, and deca-metaphosphoric acids. Without going into details upon 
this subject, I do not think it superfluous to point out that the undoubted capability of 
metaphosphoric acid to polymerise should be connected with its faculty of combining 
with water, whilst the degree of polymerisation and the number of polymerio forma 
tannoi yea be considered as sufficiently explained. 
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hydroxyl in H 3 P0 4 or PO(OH) 3 by hydrogen. Then from ortho- 
phosphoric acid, PO (OH) 3 , we shall obtain phosphorous acid, POH(OH) 2 , 
and hypophosphorous acid, POH(OH) ; and, furthermore, phosphorous 
acid should be bibasic if orthophosphoric acid was tribasic, and 
hypophosphorous acid should be monobasic. This conclusion S1 bJs is, 
in fact) true, and hence all the acids of phosphorus may be referred 
•to one common type, PX 5 , whose representatives are PH 4 I and 
PC1 3 ,P0C1 3 ,PC1 2 F 3 , &c. 

Phosphorous acid, PH 3 3 , is generally obtained from .phosphorus 
trichloride, PC1 3 , by the action of water PC1 3 + 3H 2 = 3HC1 
4- PH 3 3 . Both acids formed are soluble in water, but are easily 
separated, because hydrochloric acid is volatile whilst phosphorous 
acid volatilises with difficulty, and if a small amount of water be 
originally taken the hydrochloric acid nearly all passes off directly 
Concentrated solutions of phosphorous acid give crystals of H 3 P0 3l 
which fuse at 70°, attract moisture from the air, and deliquesce when 
ignited, giving phosphine and phosphoric acid, 23 and are oxidised into 

>f M« The bibasity of H5PO3, established by Wiirtz, has been proved by many direct 
experiments (see, for instance, Note 22), among which we may mention that Amat (1892) 
took a mixture of the aqueous solutions of Na?HP0 3 and NaHO and added absolute 
alcohol to it. Two layers were formed ; the upper, alcoholic, contained all the excess 
of NaHO, whilst the lower only contained the salt Na^HPOj, which was therefore unable 
to react with the excess of NaHO. Amat also obtained NaH 2 P0 3 by saturating HjP0 3 
with soda until he obtained a neutral reaction with methyl-orange. The replacement 
of one atom of H by sodium here, as in phosphoric acid (Note 16), gives more heat than 
the replacement of the second atom. For the third atom there is no formation of a salt, 
and therefore no evolution of heat. The monometallic salts — for example, NoH^POj— or 
the ammonia salts, when heated to 160°, give, as Amat had previously shown, a salt 
of pibasio pyrophosphorous add, Na 3 H a P 3 05. 

Phosphorous acid, when subjected to the action of nascent hydrogen (tine and sul- 
phuric acid), evolves phosphine, and when boiled with an excess of alkali it evolves 
hydrogen (PH s 5 + 8KHO = PK50 4 + 2H a O + H 2 ); owing to its liability to oxidation, it is 
a reducing agent — for instance, it reduces cupric chloride to cuprous chloride, and pre- 
cipitates silver from the nitrate an^ mercury from its salts. 

These reactions are perhaps connected with the fact that in this acid one atom of 
hydrogen should be considered as in the same condition as in phosphuretted hydrogen, 
which is exp re ss e d by the formula PHOfOH)* if we represent it as PH4X, with the sub- 
stitution of two of the hydrogen- atoms by oxygen and of HX by two of hydroxyl. The 
direct passage of phosphorous chloride into phosphorous acid would, however, indicate 
that all the three atoms of hydrogen in it occur in the form of hydroxyl, because no 
difference is known between the three atoms of chlorine in PCI3— they all react alike, as 
a rule. However, Menschutkin, by acting on alcohol, C 2 H 4 OH, with phosphorous chloride, 
obtained hydrochloric acid and a substance P(C 2 H A 0)C1 2 , and from it by the action of 
bromine he obtained ethyl bromide, C*H & Br, and a compound PBrOClj, which proves, 
to a certain extent, the existence of a difference between the three atoms of chlorine in 
phosphorous chloride. If we turn our sttention to the formation of phosphine by the 
ignition of phosphorous acid, we see that 4PH*0 3 only evolve 8H in the form of PH S , 
and therefore the residue — that is, 8PH 3 4 — -will still contain one hydrogen of the 
same nature aa in phosphine, because in 4PH s Oj we should recognise four such hydro* 
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orthophosphoric acid by many oxidising agents. In its salts only two 
hydrogen atoms are replaced by metals (Wurtz) ; the salts of the 
alkaline metals are soluble, and give precipitates with salts of the 
majority of other metals. 

The monobasic hypop1io*phorou$ acid, PHjO^ gives salts PH s 3 Na, 
(PH 2 2 ) i Bn, &c. ; the two remaining atoms of hydrogen (which 
exist in the same form as in phosphine, PH 3 ) are not replaceable by 
metals, and this determines the property of these salts of evolving 
phosphuretted hydrogen when heated (especially with alkalis). In 
acting on substances liable to reduction it is this hydrogen which acts, 
and, for example, reduces gold and mercury from the solutions of 
their salts, or converts cupric into cuprous salts. In all these instances 
the hypophosphorous acid is converted into phosphoric acid. Under 
the action of zinc and sulphuric acid it gives phosphine, PH 3 . Never- 
theless, neither hypoposphorous acid nor its dry salts absorb oxygen 
from the air. The salts of hypophosphorous acid are more soluble 
than those of the preceding acids of phosphorus. Thus the sodium 
salt PNaH 2 2 does not give a precipitate with barium chloride, and 
the salts of calcium, barium, and many other metals are soluble. 2 * 
The hypophosphites are prepared by boiling an alkali with phosphorus 
60 long as phosphuretted hydrogen is evolved. The acid itself is 
obtained from barium hypophosphite (prepared in the same manner by 
boiling phosphorus in baryta water), by decomposing its solution with 
sulphuric acid. By concentration of the solution of hypophosphorous 
acid (it must not be heated above 130°, at which temperature it 
decomposes) a syrup is formed which is able to crystallise. In the 
solid state hypophosphorous acid fuses at + 17°, and has the properties 
of a clearly defined acid. 

The types PX 3 and PX 5 , which are evident for the hydrogen and 
oxygen compounds of phosphorus, are most clearly seen in its halogen 
compounds, 24 to the consideration of which we will proceed, fixing 

gens as in phosphine. We arrive at the same conclusion by examining the decomposition 
of hypophosphorous acid, 2PH 5 02 = PH5+PH 3 4 . In the two molecules of the mono- 
basic hypophosphorous acid taken, there are only two atoms of hydrogen replaceable by 
metals, whilst in the molecule of the resultant phosphoric acid there are three. Perhaps 
relations of this nature determine the relative stability of the di-metallic salts of ortho- 
phosphoric acid. 

a Calcium hypophosphite is used in medicine. According to Cavazzi, a mixture of 
sodium hypophosphite, NaH-jPC^, and sodium nitrate explodes violently. 

** Fluorine and bromine give PX 3 and PX 5 , like chlorine. With respect to iodine 
PI S is, in a chemical sense, a very unstable substance, and generally phosphorus tri* 
iodide only is formed (from yellow or red phosphorus and iodiue in the requisite propor- 
tions). It is a red crystalline substance, fuses at > 65°, is easily decomposed by water, 
forming phosphorous and hydriodic acids, and when heated it evolves iodine vapours 
and forms phosphorus di-iodide, PI*. This substance may be obtained in tiro same 
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our attention more especially on the chlorine compounds, as being 
the most important from the historical, theoretical, and practical point 
of view. 

Phosphorus burns in chlorine, forming phosphorous chloride, PC1 3 , 
and with an excess of chlorine, phosphoric chloride, PC1 S . The 
oxychloride, POCl 3 , as the simplest chloran hydride according to the 
type PX 8 , and also phosphoric chloride, correspond with orthophos- 
phoric acid, PO(OH) 3 , while phosphorous chloride, PC1 3 , corresponds 
with phosphorous acid and the type PX 3 . Phosphoric oxychloride, 
POCl 3 , is a colourless liquid, boiling at 110°. Phosphorus trichloride 
is also a colourless liquid, boiling at 76 V 5 'whilst phosphoric chloride 

manner as the preceding by taking a smaller proportion of iodine (8 parts of iodine to 
1 part of phosphorus, whilst the tri- iodide requires 12*8) ; it also forms red crystals, which 
melt at 110°. When decomposed by water it not only gives phosphorous and hydriodio 
acids, but also phosphine and a yellow substance (a lower oxide of phosphorus). In its 
composition di- iodide of phosphorus corresponds with liquid phosphuretted hydrogen, 
PH* and probably its molecular weight is much higher : P a I« or P 3 I*, &c. As the iodine 
compounds of phosphorus give hydriodio and phosphorous acids with water, and as both 
these substances are reducing agents in the presenoe of water (and hydrates), iodide of 
phosphorus also acts as a reducing agent 

* In a liquid state the density of phosphorous chloride at 10° = 1*597, and therefore 
its molecular volume — 187*5/1*597 - 86*0, and that of phosphorus oxychloride is equal to 
158*5/l*698=90-7 ; hence the addition of oxygen has produced considerable increase in 
volume, just as in the conversion of sulphur dichloride, SCI}, into sulphuryl chloride, 
SOClj, the volume changes from 64 to 71. It is the same with the boiling-points ; phos- 
phorus trichloride boils at 70°, the oxychloride at 100°, sulphur dichloride at 64°, and 
sulphuryl chloride at 78° — that is, the addition of oxygen raises the boiling points. 

The vapour density of phosphorus trichloride and oxychloride corresponds with their 
formal© (Cahours, Wttrts) — namely, is equal to half the molecular weight referred to 
hydrogen. But it is not so with phosphorus pentachloride. Cahours showed that the 
-vapour density of phosphorus pentachloride referred to air = 8*65, to hydrogen »52*6, 
whilst according to the formula PCl ft it should be = 104*9. Hence this formula corre- 
sponds with four, and not with two, molecules. This shows that the vapour of phosphoric 
chloride contains two and not one molecule, that in a state of vapour St splits up, like 
sal-ammoniac, sulphuric acid, &o. The products of disruption must here be phosphorous 
chloride, PC1 3 , and chlorine, Cl 2 , bodies which easily re-form phosphoric chloride, PC1 A , 
at a lower temperatore. This decomposition of phosphoric chloride in its conversion 
into vapour is confirmed by the fact that the vapour of this almost colourless substance 
shows the greenish-yellow colour proper to chlorine. This dissociation of phosphorio 
chloride has been considered by some chemists as a sign that phosphorus, like nitrogen, 
does not give volatile compounds of the type PX 6> and that such substances are only 
obtained as unstable molecular compounds which' break up when distilled ; for example, 
PH S ,HI, PCl 3 ,Cla, NH s ,HCl t Ac. To prove that the molecule PCI* actually exists, 
WUrts in 1870 observed that when mixed with the vapour of phosphorous chloride the 
vapour of phosphoric chloride distils over (from 160° to 190°) perfectly colourless, and 
has a density which is really near to the formula— namely, to 104— and the same density 
was determined for the pentachloride in an atmosphere of chlorine. Henoe at low 
temperatures and in admixture with one of the products of dissociation, there is no 
longer that decomposition which occurs at higher temperatures— that is, we have here a 
case of dissociation proceeding at moderate temperatures. 

An important proof in favour of the type PX 5 is exhibited by phosphorus penta- 
fluoride PF 5 , obtained by Thorpe -s a colourless gas which only oorrodes glass after 
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is a solid yellowish substance, which volatilises without melting at 
about 168°. They are all heavier than water, and form types of 
the chloranhydrides or chlorine compounds of the non-metallic elements 
whose hydrates are acids, just as NaCl or BaCI, are types of halogen 
metallic salts. 

If a piece of phosphorus be dropped into a flask containing chlorine, 
it burns when touched with a red-hot wire, and combines with the 
chlorine. If the phosphorus be in excess, liquid phosphorus tri- 
chloride, PC1 3 , is always formed, but if the chlorine be in excess the 
solid pentachloride is obtained. The trichloride is generally pre- 
pared in the following manner. Dry chlorine (passed through a series 
of Woulfe's bottles containing sulphuric acid) is led into a retort con- 
taining sand and phosphorus. The retort is heated, the phosphorus 
melts, spreads through the sand, and gradually forms the tri- 
chloride, which distils over into a receiver, where it condenses. 
Plutsplwric chloride or pho&plwrue pentachloride, PC1 M is prepared by 
passing dry chlorine into a vessel containing phosphorus trichloride 
(purified by distillation). Phosphorous chloride combines directly with 
oxygen, but more rapidly with ozone or with the oxygen of potassium 
chlorate (3PCl 3 + KC10 3 = 3P0C1 3 + KC1), forming pJiosphorue oxy- 
cldoride, POCl 3 (Brodie). This compound is also formed by the first 
action of water 011 phosphoric chloride ; for example, if two .vessels, 
one containing phosphoric chloride and the other water, are placed 
under a bell jar, after a certain time the crystals of % the chloride 
disappear and hydrochloric acid -passes into the water. The aqueous 
vapour acts on the pentachloride, and the following reaction occurs : 
PC1 6 -f H 2 =s POCI3 4- 2HC1, the result being that liquid phosphorus 

•the lapse of time ; it may be kept over mercury, and has a normal density. It is formed 
when liquid arsenic tritiuoride, AsF 3 , is added to phosphorio chloride surrounded by a 
freezing mixture : 8PC1 3 + 5 AsF 3 = 8PF 5 + SAsClj. 

In general, fluorine and phosphorus give stable compounds : PF 3 , POF 3 , and PF»,. 
as would be expected from the fact that in passing from CI to I (i.e. as the atomio 
weight of the halogen increases) the stability of the compounds with P and the tendency 
to give PX 3 (Note 24) decreases. Phosphorus-tri-fiuoride is obtained by heating a mixture 
of ZnF 3 and PBr 3 , by the action of AsF 3 upon PCl 3f by heating phosphide of copper 
with PbF 3 , Sec. It is a strong. smelling gas, which liquefies at —10° under a pressure 
of 40 atmospheres, giving a colourless liquid. It dissolves easily in (is absorbed by,. 
reacts with) water, and acts upon glass; when mixed with Cl 3 it combines with it 
(Poulenc, 1891), forming PC1 2 F 3 , a colourless gas of normal density, which is trans- 
formed into a liquid at 8 a , decomposes into PF 3 + Cl 3 at 250°, and, with a small amount 
of water, gives oxy-fluoridc of phosphorns, POF 3 (with a large amount of water it give* 
PH 4 04>, which Moissan (1891) obtained by the action of dry HF upon P 2 5 , and Thorpe, 
and Tutton (1890) by heating a mixture of cryolite and P 2 O a . It is a gas of normal 
density, like PF 3 , and was obtained by Moissan by the action of fluorine upon PF t 
(PSF 3 , see Chapter XX., Note 20). Thus the forms PX 5 and PX* not only exist in many 
■olid and now- volatile substances, but also as vapours. 
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oxychloride is found in one vessel, and a solution of hydrochloric acid in 
the other. However, an excess of water directly transforms phosphoric 
chloride into orthophosphoric acid, PCl a + 4H f O = PH,0 4 + 5HC1,** 
- since POC1, reacts with water (3H,0), forming 3HC1 and pbosphono 
acid PO(OH),. 

The above chlorine compounds serve not only as a type of the 
chloranhydrides, but also as a means for the preparation of other 
acid chloranhydrides. Thus the conversion of acids XHO into chlor- 
anhydrides, XC1, is generally accomplished by means of phosphorus 
pentachloride. This fact was discovered by Chancel, and adopted by 
Gerhardt as an important method for studying organic acids. By this 
means organic acids, containing, as we know, RCOOH (where R is a 
hydrocarbon group, and where carboxyl may repeat itself several times 
by replacing the hydrogen of hydrocarbon compounds), are converted 
into their chloranhydrides, BCOCL With water they again form the* 
acid, and resemble the chloranhydrides of mineral acids in their 
general properties. 

Since carbonic acid, CO(OH) s , contains two hydroxy 1 groups, it* 
perfect chloranhydride, COCl„ carbonic oxychloride, carbonyl chloride 
or phosgene gas, contains two atoms of chlorine, and differs fronj 
the chloranhydrides of organic acids in that in them one atom of 
chlorine is replaced by the hydrocarbon radicle RCOC1, if R be a 
monatomio radicle giving a hydrocarbon RH. It is evident, on the 
one hand, that in RCOC1 the hydrogen is replaced by the radicle 
COC1, which is* also able to replace several atoms of hydrogen (for 
example, C s H 4 (OOCl) s corresponds with the.bibasio succinic acid); 
and, on the other hand, that the reactions of the chloranhydrides of 

* Phosphorus oxychloride it obtained by the action of phosphoric chloride on 
hydrates of acids (because alkalis decompose phosphorus oxychloride), aocording to the 
equation PCI* + RHO - POC1, + RC1 + HC1, where RHO is an acid. The reaction only 
proceeds according to this equation with monobasio acids, but then RC1 is volatile, and 
therefore a mixture is obtained of two volatile substances, the acid chloride and phos- 
phorus oxychloride, which are sometimes difficult to separate; whilst if the hydrate 
be polybasio the reaction frequently proceeds so that an anhydride is formed: 
RHgOs+PCla-RO + POCls+aHCl. If the anhydride be non- volatile (like boric), or 
easily decomposed (like oialio), it is easy to obtain pure oxychloride. Thus phos- 
phorus oxychloride is often prepared by acting on boric or oxalio acid with phosphoric 
chloride. It is slso formed when the vapour of phosphoric chloride is passed over 
phosphoric anhydride, P*O s + SPC1 A « 6POClj. This forms an excellent example in proof 
of the fact that the formation of one substance from two does not necessarily show that 
the resultant compound contains the molecules of these substances in its molecule. But 
other oxychlorides of phosphorus are also formed by the interaction of phosphoric anhy- 
dride and chloride ; thus at 900° the chloranhydride, PO t Cl, or chloranhydride of mete- 
phosphoric acid, is formed (Gustavson). The chloranhydride of pyrophosphorio acid, 
PaOyCL,, was obtained (Hayter and Michaelis), together with NOC1, Ac, by the action 
of NO upon cold PCI* as a fuming liquid boiling at 110°. 
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organic acids will answer to the reactions of carbonyl chloride, as the re- 
actions of the acids themselves answer to those of carbonic acid. Carbonyl 
chloride is obtained directly from dry carbon monoxide and chlorine ,7 
exposed to the action of light, and forms a colourless gas, which easily 
condenses into a liquid, boiling at +8°, specific gravity 1*43, and having 
the suffocating odour belonging to all chloranhyd rides. Like all chlor- 
anhydrides, it is immediately decomposed by water, forming carbonic 
anhydride, according to the equation COCl 2 + H 2 = C0 2 + 2HCI, 
and thus expresses the type proper to all chloranhydrides of both 
mineral and organic acids. 29 

In order to show the general method for the preparation of acid 
chloranhydrides, we will take that of acetic acid, CH 3 COOH, as an ex- 
ample. Phosphorus pentachloride is placed in a glass retort, and acetic 
acid poured over it ; hydrochloric acid is then evolved, and the sub- 
stance distilling over directly after is a very volatile liquid, boiling at 50°, 
and having all the properties of the chloranhydrides. With water it 

v The direct action of the sun's rays, or of magnesium light, is necessary to start the 
"reaction between carbonic oxide and chlorine, but when once started it will proceed 
rapidly in diffused light. An excess of chlorine (which gives its coloration to the 
colourless phosgene) aids the completion of the reaction, and may afterwards be removed 
by metallic antimony. Porous substances, like charcoal, aid the reaction. Phosgene 
may be prepared by passing a mixture of carbonic anhydride and chlorine over incan- 
descent charcoal. Lead or silver chloride, when heated in a current of carbonic oxide, 
also partially form phosgene gas. Carbon tetrachloride, CClj, also forms it when heated 
with carbonic anhydride (at 400°), with phosphoric anhydride (200°), and most easily of all 
with sulphuric anhydride (2S0 3 + CCl« = COCl 3 + S 2 5 C1 2 , this is pyrosulphuryl chloride). 
Chloroform, CHClj, is converted into carbonyl chloride when heated with SO a (OH)Cl 
(the first chloranhydride of sulphuric acid); CHClj + SOjHCl ~ COCl 2 + S0 2 + 2HC1 
(Dewar), and when oxidised by chromic acid. 

Among the reactions of phosgene we may mention the formation of urea with 
Ammonia, and of carbonic oxide when heated with metals. 

** We are already acquainted with some of the chloranhydrides of the inorganic 
acids — for instance, BC1 3 , and S1CI4 — and here we shall describe those which correspond 
with sulphuric acid in the following chapter. It may be mentioned here that when hydro- 
chloric acts on nitric acid (aqua regia, Vol. L p. 467) there is formed, besides chlorine, 
the oxychlorides NOC1 and N0 2 C1, which may be regarded as chloranhydrides of nitrio 
and nitrous acids (nitrogen chloride, Vol. I. p. 476). The former boils at - 5°, the latter 
at +5°, the specific gravity of the first at -12° = 1-416, and at -18° = 1*433 (Geuther), 
and of the second - 13 ; the first is obtained from nitric oxide and chlorine, the second 
from nitric peroxide and chlorine, and also by the action of phosphoric chloride on nitrio 
acid. If the gases evolved by aqua regia be passed into cold and strong sulphuric acid, 
they fonn crystals of the composition NHSOj 0'^ e chamber crystals), which melt at 86°, 
and with sodium chloride form acid sodium sulphate and the oxychloride NOC1. This 
•chloranhydride of nitric acid is termed nitrosyl chloride. 

Cyanogen chloride, CNC1, is the gaseous chloranhydride of cyanic acid ; it is formed 
\>y the action of chlorine on aqueous mercury cyanide, Hg(CN) a '+2Cl 2 = HgCl a +2CNCl. 
When chlorine acts on cyanic acid, it forms not only this cyanogen chloride, but also poly- 
merides of it— a liquid, boiling at 18°, and a solid, boiling at 190°. The latter corre- 
sponds with cyanuric acid, and consequently contains C 5 N 5 Clj. Details concerning these 
substances must be looked for in works on organic chemistry. 
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forms hydrochloric and acetic acids. The reaction here taking place 
may be explained thus : the substitution of the oxygen taken from the 
acetic acid (from its carboxyl) by two atoms of chlorine from the 
PC1 5 should be as follows : CH s COOH+PC) 4 =CH,COHCl,+POCl,. 
But the compound CH, COHC1, does not exist in a free state (because 
it would indicate the possibility of the formation of compounds of 
the type CX 6 , and carbon 'only gives those of the type CX 4 ) ; it 
therefore splits up into HC1 and the chloranhydride CH 3 COCl. The 
general scheme for the reaction of phosphorus pentachloride with 
hydrates ROH is exactly the same as with water ; namely, BOH with 
PCl ft gives POCl, + HC1 + RC1— that is a chloranhydride.* 8 "• 

Containing, as they do, chlorine, which easily reacts with hydrogen, 
phosphorus pentachloride, trichloride, and oxychloride enter into 
reaction with ammonia, and give a series of amide and nitrile com* 

* * te This rotation indeed proceeds very easily and completely with a number of 
hydroxides, if they do not react on hydrochloric acid and phosphorus oxychloride, which 
is the case when they hare alkaline properties. When the hydroxide is bibasio and 
is present in ex cess, it not unfroquently happens that the elements of water are taken 
np : R(OH)9 + PCl ft = RO + 9HC1 + POCI5. The anhydride RO may then be con- 
verted into chloranhydride, RO+PCls-RCli+POCls— that is, phosphorus penta- 
chloride brings about the substitution of O by CI* Thus oarbonyl chloride, COCl*, boron 
chloride, 8BCI3, and succinic chloride, C 4 H40»C1,, Ac., are respectively obtained by the 
action of phosphoric chloride on carbonic, boric, and suocinic anhydrides. Phosphorus 
pentachloride reacts in a similar manner on the aldehydes, RCHO, forming RCHClf, 
and on the chloranhydrides themselves— for example, with acetio chloride, CH 5 COCl 
(when heated in a closed tube), it forms a substance having the competition CHjCClj. 

Phosphorus trichloride and oxychloride act in a similar manner to phosphoric chloride. 
When phosphorus trichloride sets on an add, 8RHO + PC1 8 - 8RC1 -1- P( HO) s . If a salt 
i» taken, then by the action of phosphorus oxychloride a corresponding chloranhydride 
and salt of orthophosphoric acid are easily formed: 8R(KO) + POCls-8RCl + PO(KO)|. 
The chloranhydride RC1 is always more volatile than its corresponding acid, and distils 
over before the hydrate RHO. Thus acetio acid boils at 117°, and its chloranhydride 
at 60°. Phosphorio and phosphorous acids are very slightly volatile, whilst their 
chloranhydrides are comparatively easily converted into vapour. The faculty of the 
chloranhydrides to react at the expense of their own chlorine determines their great 
importance in chemistry. For instance, suppose we require to know the molecular 
formula of some hydrate which does not pass into a state of vapour and does not give a 
chloranhydride with hydrochloric acid— that is, which has not any basic or alkaline 
properties; we must then endeavour to obtain this chloranhydride by means of 
phosphorio chloride, and* it frequently happens that the corresponding chloranhydride is 
volatile. The resultant chloranhydride is then converted into vapour, and its composition 
is determined; and if we know its composition we are able to decide that of its 
corresponding hydrate. Thus, for example, from the formula of silicon chloride, 8iCl<, or 
of boron chloride, BC1 3 , we oan judge the composition of their corresponding hydrates, 
8i(HO) 4 , B(HO) 5 . Having obtained the chloranhydride RC1 or ECU, it is possible by its 
means to obtain many other compounds of the same radicle R according to the equation 
MX + RC1-MC1 + RX. M may be = H, K, Ag, or other metal. The reaction proceeds 
thus if M forms a stable compound with chlorine — for example, silver chloride, hydro- 
ehlorio acid, and R, an unstable substance. Henoe, a chloranhydride is frequently 
employed for the formation of other compounds of a given radicle ; for instance, with 
ammonia they form amides RN&* and with salts ROK, with anhydrides R*0, Ac 
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pounds of phosphorus. Thus, for example, when ammonia acts on the 
oxychloride we obtain sal-ammoniac (which is afterwards removed by 
water) and an orthophosphoric triamide, PO(NHj)j, as a white in- 
soluble powder on which dilute acids and alkalis do not act, but which, 
when fused with potassium hydroxide, gives potassium phosphate and 
ammonia like other amides. When ignited, the triamide liberates 
'ammonia and forms the nitrile PON, just as urea, CO(NH a )2, 
gives off ammonia and forms the nitrile CONH. This nitrile, called 
monophosphamide, PON, naturally corresponds with metaphosphoric 
acid, namely, with its ammonium salt. NH 4 P0 3 — HjOssPOj-NH,, 
an as yet unknown amide, and PO y *NH 2 — H 2 gives the nitrile PON. 
This relation is confirmed by the fact that PON, moistened with water, 
gives metaphosphoric acid when ignited. It is the analogue of nitrous 
oxide, NON It is a very stable compound, more so than the pre- 
ceding. 29 

n The reaction of ammonia on phosphorus pentachloride is more complex than the 
preceding. This is readily understood : to the oxychloride, POCI3, there corresponds a 
hydrate PO(OH) 3 , and a salt POfNHjO)}, and consequently also an amide PO(NH 2 )* 
-whilst the pentachloride, PC1 4 , has no corresponding hydrate P(OH) 5 , and therefore there 
is no amide P(NH 2 ) 5 . The reaction with ammonia will be of two kinds : either instead of 
5 mol. NHj, only 3 mol. NH 3 or still less will act; i.e. PCL,(NH 2 ) 5 , PCljfNH,)* &c. *re 
formed ; or else the pentachloride will act like a mixture of chlorine with the trichloride, 
and then as the result there will be obtained the products of the action of chlorine on those 
amides which are formed from phosphorus trichloride and ammonia, Ifwould appear 
that both kinds of reaction proceed simultaneously, but both kinds of products are uu« 
stable, at all events complex, and in the result there is obtained a mixture containing 
sal-ammoniac, &c. The products of the first kind should react with water, and we should 
obtain, for example, PC1 A (NH^ + 2H 2 = 3HC1 and PO(HO)(NH 2 )«. This substance has 
not actually been obtained, but the compound PONH(NH a ) derived from it by elimination 
of the elements of water is known, and is termed diphospkamid* ; it is, however, more 
probable that it is a nitrile than an amide, because only amides contain the group NH* 
It is a colourless, stable, insoluble powder, which possibly corresponds with pyrophos- 
phoric acid, more especially since when heated it evolves ammonia and gives and leaves 
phospboryl nitride, PON— that is, the nitrile of metaphosphoric acid. The amide corre- 
sponding with the pyrophosphate P 3 3 (NH 4 0)4 should be P a 3 (NH 4 ) 4 , and the nitriles 
corresponding to the latter would be P 2 2 N(NlLj) 3 , P 3 ON 3 (NH 3 ) th and P^N^NH^). The 
composition of the first is the same as that of the above diphosphamide. The third 
pyrophosphoric nitrile has a formula PjN^Hj, and this is the composition of the body 
known e& phospham, PHN 2 (in a certain sense this is the analogue of NjH polymerised, 
Chapter VL) Indeed, phospham has been obtained by heating the products of the action 
of ammonia on phosphoric chloride, as an insoluble and alkaline powder, which gives 
ammonia and phosphoric acid when subjected to the action of water. The same sub- 
stance is obtained by the action of ammonium chloride on phosphoric chloride (PNC1, is 
first formed, and reacts further with ammonia, forming phospham), and by igniting the 
mass which is formed by the action of ammonia on phosphorus trichloride. Formerly the 
composition of phospham was supposed to be PHN 2l now there is reason to think that its 
molecular weight is P 5 HjNe. 

The above compounds correspond with normal salts, but nitriles and amides corre- 
sponding to acid salts are also possible, and they will be acids. For example, the amide 
PO(HO) 2 (NHo), and its nitrile, will be either PN(HO), or PO(HO)(NH), but at ell 
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The most important analogue of phosphorus it artenic, the metallic 
aspect of which and the general character of its compounds of the types 
AsX, and AsX ft at once recall the metals. The hydrate of its highest 
orltie, arsenic acid (ortho-arsenic acid), H 3 As0 4 , is an oxidising agent, 
and gives up a portion of its oxygen to many other substances ; but, 
nevertheless, it is very like phosphoric acid. Mitscherlich established 
the conception of isomorphism by comparing the salts of these acids. 30 

event* of the composition PNHjOj, and having acid properties. The ammonium silt of 
this photphonitrilic acid (it is called phosphamio acid), PNH(NH^)O t , is obtained by 
the action of ammonia on phosphoric anhydride, P,O a + §NH 3 = HjO + 2PNH(NH 4 )O t . 
A noncrystalline solnble mass is thus formed, which is dissolved in a dilute solution of 
ammonia and precipitated with barium chloride, and the resultant barium salt is then 
decomposed with sulphuric acid, and thui a solution of the acid of the above composition 
is obtained. 

It it evident from the theory of the formation of amides and nitriles (Chapter IX.) 
that very many compounds of this kind can correspond with the acids of phosphorus ; 
but as yet only a few are known. The easy transitions of the ortho-, meta-, and pyro- 
phosphoric acids, by means of the hydrogen of ammonia, into the lower acids, and con- 
versely, tend to complicate the study .of this very large class of compounds, and it is rarely 
that the nature of a product thus obtained can be judged from its composition ; and this 
all the more that instances of isomerism and polymerism, of mixture between water of 
crystallisation and of constitution, Ac, are here possible. Many data are yet needed 
to enable us to form a true judgment as to the composition and structure of such 
compounds; As the best proof of this we will describe the very interesting and most 
fully investigated compound of this class, PNC1*, called chlorophotphamide, or nitrogen 
ehlorophospoorite. It is formed in small quantities when the vapour of phosphoric 
chloride is passed over ignited sal-ammoniac Besson (1802) heated the compound 
PCl a 8NHj (which is easily and directly formed from PC1 4 and NH S ) under a pressure of 
about 60 mm. (of mercury) to 200°, and obtained brilliant crystals of PNCl a , which melted 
at 106° (in the residue after the distillation of ssl>ammoniacal phospham). The chlorine 
in it is very stable— quite different from that in phosphoric chloride. Indeed, the re- 
sultant substance is not only insoluble in water (though soluble in alcohol and ether), but 
it is not even moistened by it, and distils over, together with steam, without being decom- 
posed. In a free state it easily crystallises in colourless prisms, fuses at 1 1«°, boils at 250° 
(Gladstone, Wiohelheus), and when fused with potash gives potassium chloride and the 
amidonitrile of phosphoric acid. Judging from its formula and the simplicity of its com- 
position and reactions, it might be thought that the molecular weight of this substance 
would be expressed by the formula PClgN, that it corresponds with PON and with PClj 
(like POC1&), with the substitution of C1 3 by N, just as in POClj two atoms of chlorine 
are replaced by oxygen ; but all these surmises are incorrect, because its vapour density 
(referred to hydrogen— Gladstone, Wichelhaus) — 182— that is, the molecular formula 
must be three times greater, P«N S C1«. The polymerisation (tripling) is here of exactly 
the same kind as with the nitriles. 

* It is necessary to remark that, although arsenic is so closely analogous to phos- 
phorus (especially in the higher forms of combination, RX 3 and RX 5 ), at the same time 
it exhibits a certain resemblance and even isomorphism with the corresponding com- 
pounds of sulphur (especially the metallic compounds of the type MAs, corresponding 
with MS). Thus compounds containing metals, arsenic, and sulphur are very frequently 
met with in nature. Sometimes the relative amounts of arsenic and sulphur vary, so 
that an ispmorphous substitution between the arsenides and sulphides must be reoog- 
juaed. Besides FeS* (ordinary pyrites), and FeAst, iron forms an arsenical pyrites con- 
taining both sulphur and arsenic, which from its composition, FeAsS or FeStFeAaj, 
resembles the two preceding. 
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Arsenic occurs in nature, not only combined with metals, but also,, 
although rarely, native and also in combination with sulphur in two 
minerals — one red, realgar, As^, and the other yellow, orpiment, 
A5.2SJ3 (Chapter XX., Note 29). Arsenic occurs, but more rarely, in 
the form of salts of arsenic acid — for instance, the so-called cobalt and 
nickel blooms, two minerals which are found accompanying other cobalt 
ores, are the arsenates of these metals. Arsenic is also found in cer- 
tain clays (ochres) and has been discovered in small quantities in some 
mineral springs, but it is in general of rarer occurrence in nature than 
phosphorus. Arsenic is most frequently extracted from arsenical 
pyrites, FeSAs, which, when roasted without access of air, evolves the 
vapour of arsenic, ferrous sulphide being left behind. It is also obtained 
by heating arsenious anhydride with charcoal, in which case carbonio 
oxide is evolved. In general, the oxides and other compounds are very 
easily reduced. Solid arsenic is a steel-grey brittle metal, having a 
bright lustre and scaly structure. Its specific gravity is 5*7. It is 
opaque and infusible, but volatilises as a yellow vapour which on cooling 
deposits rhombohedral crystals. 30 bi * The vapour density of arsenic is 
150 times greater than that of hydrogen — that is, its molecule, like that 
of phosphorus, contains 4 atoms, As 4 . When heated in the air, arsenic 
easily oxidises into white arsenious anhydride, A&2O3, but even at the 
ordinary temperature it loses its lustre (becomes dull), owing to the 
formation of a coating of a lower oxide. The latter appears to be as 
volatile as arsenious anhydride, and it is probable that it is owing to 
the presence of this compound that the vapours of arsenious compounds, 
when heated with charcoal (for example, in the reducing flame of a blow- 
pipe), have the characteristic smell of garlic, because the vapour of 
arsenic itself has not this odour. 

Arsenic easily combines with bromine and chlorine ; 31 nitric acid 

80 bb According to Retgera (1898) the arsenic mirror (see further on) is an unstable 
variety of metallic arsenic, whilst the brown product which is formed together with it in 
Marsh's apparatus is a lower hydride AsH. Schuller and McLeod (1894), however, recog- 
nise a peculiar yellow variety of arsenic. 

51 Hydrochloric aoid dissolves arsenious anhydride in considerable quantities, and 
this is probably owing to the formation of unstable compounds in which the arsenious 
anhydride plays the part of a base. A compound called arsenious oxychloride, having 
the composition AsOCl, is even known. It is formed when arsenious anhydride is added 
little by little to boiling arsenic trichloride, A<^0 3 + AsClj = 8AsOCl. It is a transparent 
substance, which fumes in air, and combines with water to form a crystalline mass having 
the composition As. i (OH) 4 Cl 2 . When heated it decomposes into arsenious chloride and 
a fresh oxychloride of a more complex composition, As^Cl^. Arsenic trichloride, when 
treated with a small quantity of water, forms the crystalline compound, Ab. 2 (HO),C1j, 
mentioned above. These compounds resemble the basic salts of bismuth and alu- 
minium. The existence of these compounds shows that arsenio is of a more metallio 
or basic charactor than phosphorus. Nevertheless arsenic tricJUoride, AsCl 8l resembles 
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and aqua regia also oxidise it into the higher oxide, or rather its hydrate, 
arsenic acid. 39 As far as is known, it does not decompose steam, and 

phosphorus trichloride in many respects. It is obtained by the direct action of chlorine 
on arsenic, or by distilling a mixture of common salt, sulphuric acid, and arsenious anhy- 
dride. The latter mode of preparation already indicates the basic properties of the oxide. 
Arsenious chloride is a colourless oily liquid, boiling at 1 80°, and having a sp. gr. of 2*20. It 
fumes in air like other chloranhydrides, > but it is much more slowly and imperfectly decom- 
posed by water than phosphorus trichloride. A considerable quantity of water is required 
for its complete decomposition into hydrochloric acid and arsenious anhydride. It forms 
an excellent example of the transition from true metallio chlorides to true chloranhydrides 
of the acids. It hardly combines with chlorine, ije. if AsCl ft is formed it is very unstable. 
Arsenic tribromide, AsBr s , is fora h! as a crystalline substance, fusing at 20° and boil- 
ing at 220°, by the direct action of metallic arsenio on a solution of bromine in carbon 
bisulphide, the latter being then evaporated. The specific gravity of arsenio tribromide 
is 8*86. Crystalline arsenic tri-iodide, Asl* having a sp. gr. 4*89, may be obtained in a 
like manner ; it may be dissolved in water, and on evaporation separates out from the 
solution in an anhydrous state— that is, it is not decomposed — and consequently behaves 
like metallio salts. Arsenic trifiuoride % AsFg, is obtained by heating floor spar and 
arsenious anhydride with sulphuric acid. It is a fuming, colourless, and very poisonous 
liquid, which boils at 68° and has a sp. gr. of 2*78. It is decomposed by water. It is very 
remarkable that fluorine forms a pentaflooride of arsenic also, although this compound 
has not yet been obtained in a separate state, but only in combination with potassium 
fluoride. This compound, KjAsFg, is formed as prismatic crystals when potassium 
arsenate, E^AsO*, is dissolved in hydrofluoric acid. 

39 Arsenic acid, HjAs0 4 , corresponding with orthophosphoric acid, is formed by 
oxidising arsenious anhydride with nitric acid, and, evaporating the resultant solution 
until it attains a sp. gr. of 22; on cooling it separates in crystals having the above 
composition. This hydrate corresponds with the normal salts of aidenic acid; but on 
dissolving in water (without heating), and on cooling a strong solution, crystals containing 
a greater amount of water, namely, (A8H 5 4 ) a> H 9 0, separate. This water, like water of 
crystallisation, is very easily expelled at 100°. At 120° crystals having a composition 
identical with that of pyrophosphoric acid, Ab^I^O?, separate, but water, on dissolving 
this hydrate with the development of heat, forms a solution in no way differing from a 
solution of ordinary arsenic acid, so that it is not an independent pyroarsenic acid that 
is formed. Neither is there any true analogue of metaphosphoric acid, although the 
compound AaHOj is formed at 200°, and on solidifying forms a mass having a pearly 
lustre and sparingly soluble in cold water ; but on coming into contact with warm water 
it becomes very hot, and gives ordinary orthoarsenic acid in solution. Arsenio acid 
forms three series of salts, which are perfectly analogous to the three series of a ortho- 
phosphates. Thus the normal salt, KjAsO*, is formed by fusing the other potassium 
-arsenates with potassium carbonate ; it is soluble in water and crystallises in needles 
which do not contain water. Di-potassium arsenate, K^HAsO*, is formed in solution 
by mixing potassium carbonate and arsenic acid until carbonic anhydride ceases to be 
evolved ; it does not crystallise, and has an alkaline reaction ; hence it corresponds 
perfectly with the sodium phosphate. As was mentioned above, arsenic acid itself 
acts as an oxidising agent ; for example, it is used in the manufacture of aniline dyes 
for oxidising the aniline, and it is prepared in large quantities for this purpose. 
When sulphuretted hydrogen is passed through its solution, sulphuric acid and 
arsenious anhydride are obtained in solution. Arsenic acid is very easily soluble in 
water, and its solution has an exceedingly acid reaction, and when boiled with hydro* 
chloric acid evolves chlonne, like selenic, chromic, manganic, and certain other higher 
, metallio acids. 

Arsenic anhydride, AsjO*, is produced when arsenic acid is heated to redness. II 
must be carefully heated, as at a bright red heat it decomposes into oxygen and arsenious 
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^t acts exceedingly slowly on those acids, like hydrochloric, which are 
not capable of oxidising. 

Arseniuretted hydrogen, arsine, AsH 3 , resembles phosphuretted 
hydrogen in many respects. This colourless gas, which liquefies into a 

* mobile liquid at —40°, has a disagreeable garlic-like odour, is only 

* - slightly soluble in water, and is exceedingly poisonous. Even in a 

-small quantity it causes great suffering, and if present to any consider- 
able amount in air it even causes death. The other compounds of arsenic 
are also poisonous, with the exception of the insoluble sulphur compound 
and some compounds of arsenic acid. Arseniuretted hydrogen, AsH a , 
is obtained by the action of water on the alloy of arsenic and sodium, 
sodium hydroxide and arseniuretted hydrogen being formed. It is 
also formed by the action of sulphuric acid on the alloy of arsenic and 
zinc • Zn 3 As 2 ♦ 3H 2 S0 4 =2AsH 3 -f 3ZnS0 4 . 33 The oxygen compounds 
of arsenic are very easily reduced by the action of hydrogen at the 
moment of its evolution from acids, and the reduced arsenic then 
combines with the hydrogen ; hence, if a certain amount of an oxygen 
compound of arsenic be put into an apparatus containing zinc and 
sulphuric acid (and thus serving for the evolution of hydrogen), the 
hydrogen evolved will contain arseniuretted hydrogen. In this case it 
is diluted with a considerable amount of hydrogen. But its presence 
, in the most minute quantities may be easily recognised from the fact 

that it is easily decomposed by heat (200° according to Brunn) into 
metallic arsenic and hydrogen, and therefore if such impure hydrogen 
be passed through a moderately -heated tube metallic arsenic will be 
deposited as a bright layer on the part of the tube which was heated 
{see Note 30 bis). This reaction is so sensitive that it enables the 
most, minute traces of arsenic to be discovered ; hence it is employed 
/^ in medical jurisprudence, as a test in poisoning cases. It is easy to 

discover the presence of arsenic in common zinc, copper, sulphuric and 
hydrochloric acids, &c. by this method. It is obvious that in testing 
for poison by Marsh's apparatus it is necessary to take zinc and sul- 
phuric acid quite free from arsenic. The arsenic deposited in the tube 
may be driven as a volatile metal from one place to another in the 
current of hydrogen evolved, owing to its volatility. This forms a 
k v distinction between arseniuretted and an timoniu 1 retted hydrogen, which 

anhydride. Arsenic anhydride is an amorphous substance almost entirely insoluble in 
water, but it attracts moisture from the air, deliquesces, and passes into th« acid. Hot 
water produces this transformation with great ease. 

35 The formation of arseniuretted hydrogen is accompanied by the absorption of 37,000 
heat units, while phosphine evolves 18,000 (Ogier), and ammonia 27,000. Sodium (0*6 p.c.) 
amalgam, with a strong solution of AbjOj, gives a gas containing 80 vols, of arsenic and 
14 vols, of hydrogen (Cavazzi). 
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is decomposed by heat in just the same way as arseniuretted hydrogen, 
but the mirror given by Sb is not so volatile as that formed by AA 

If hydrogen contains arseniuretted hydrogen, it also gives metallic 
arsenic when it burns, because in the reducing flame of hydrogen the 




Fid. 84.— Formation aad decomposition of arseniuretted hydrogen. Hydrogen l« evolved in the 
WoulJe's bottle, and when the gat comes off, a solution containing arsenio is poured through the 
fnaueL The presence of AsH, is recognised from the deposition of a mirror of arsenio when the 
gas-6onductiiig tube is heated. If the escaping hydrogen be lighted, and a porcelain dish bo hold 
In the flame, a film of arsenic is deposited on it. The gas is dried by passing through the tube 
containing calcium chloride. This apparatus is used for the detection of arsenic by Marsh's test. 

oxygen attracted combines entirely with the hydrogen and not with 
the arsenic, so that if a cold object, such as a piece of china, be held in 
the hydrogen flame the arsenic will be deposited upon it as a metallic 
spot. 84 

The most common compound of arsenic is the solid and volatile 

54 This spot, or the metallic ring which is deposited on the heated tube, may easily be 
tested as to whether it is really due to arsenio or proceeds from some other substance 
reduced in the hydrogen flame — for instance, carbon or antimony. The necessity for dis- 
tinguishing arsenic from antimony is all the more frequently encountered in medical 
jurisprudence, from the fact that preparations of antimony are very frequently used ae 
medicine, and antimony behaves in the hydrogen apparatus just like arsenic, and there- 
fore in making an investigation for poisoning by arsenic it is easy to mistake it for 
antimony. The best method to distinguish between the metallic spots of arsenic and 
antimony is to test them with a solution of sodium hypochlorite, free from chlorine, be- 
cause this will dissolve arsenic and not antimony. Such a solution is easily obtained by 
the double decomposition of solutions of sodium carbonate and bleaching powder. A 
solution of potassium chlorate acts in the same manner, only more slowly. Further 
particulars must be looked for in analytical works. 

Arseniuretted hydrogen, like phosphuretted hydrogen, is only slightly soluble in water, 
has no alkaline properties — that is, it does not combine with acids — and acts as a 
reducing agent. When passed into a solution of silver nitrate it gives a blackish brown 
precipitate of metallic silver, the arsenic being oxidised. If acting on copper sulphate 
and similar salts, arseniuretted hydrogen sometimes forma arsenides— i.e. it reduces the 
metallic salt with its hydrogen, and is itself reduced to arsenic. Sulphuric, and even 
hydrochloric, acid reduces arseniuretted hydrogen to arsenic, and it is still more easily 
decomposed by arsenious chloride, and with phosphorous chloride it gives the compound 
PAb. Arseniuretted hydrogen gives metallic arsenic with an acid solution of arsenious 
anhydride (Tivoli). 
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arsenious anhydride, As 3 3 , which corresponds with phosphorous and 
N nitrous anhydrides. This very poisonous, colourless, and sweet-tasting 

«' substance is generally known under the name of arsenic, or white 

<C arsenic. The corresponding hydrate" is as yetunknown ; its solutions, 

when evaporated, yield crystals of arsenious anhydride. It is chiefly 
prepared for the dyer, and is also used as a vermin killer, and sometimes 
in medicine ; it is a product from which all other compounds of arsenic 
can be prepared. It is obtained as a by-product in roasting cobalt 
and other ores containing arsenic. Arsenical pyrites are sometimes 
purposely roasted for the extraction of arsenious anhydride. When 
arsenical ores are burnt in the air, the sulphur and arsenic are converted 
into the oxides As 3 3 and S0 2 . The former is a solid at the ordinary 
temperature, and the latter gaseous, and therefore the arsenious anhy- 
dride is deposited as a sublimate in the cooler portion of the flues 
through which the vapours escape from the furnace. It collects in 
condensing chambers especially constructed in the flues. The deposit 
is collected, and after being distilled gives arsenious anhydride in the 
form of a vitreous non-crystalline mass. This is one of the varieties of 
arsenious anhydride, which is also known in two crystalline forms. 
When sublimed — i.e. when it rapidly passes from the state of vapour 
to the solid state — it appears in the regular system in the form of octa* 
hedra. 33 It is obtained in the same form when it is crystallised from 
acid solutions. The specific gravity of the crystals is 3*7. The other 
crystalline form (in prisms) belongs to the rhombohedral system, and is 
also formed by sublimation when the crystals are deposited on a heated 
surface, or when it is crystallised from alkaline solutions. 36 

54 According to Mitscherlich's determination, the vapour density of arsenious anhydride 
is 199 (H = 1)— that is, it answers to the molecular formula As 4 O a . Probably this is con- 
nected with the fact that the molecule of free arsenic contains As 4 . V. Meyer and Biltz, 
however, showed (1889) that at a temperature of about 1,700° the vapour density of arsenio 
corresponds with the molecule Asj, and not As 4 , as at lower temperatures. 

84 Arsenious anhydride is obtained in an amorphous form after prolonged heating at 
a temperature near to that at which it volatilises, or, better still, by heating it in a closed 
vessel. It then fuses to a colourless liquid, which on cooling forms a transparent vitreous 
mass, whose specific gravity is only slightly less than that of the crystalline anhydride. 
On cooling, this vitreous mass undergoes an internal change, in which it crystallises 
and becomes opaque, and acquires the appearance of porcelain. The following difference 
between the vitreous and opaque varieties is very remarkable : when the vitreous variety 
is dissolved in strong and hot hydrochloric acid it gives crystals of the anhydride on 
cooling, and this crystallisation is accompanied by tJic emission of light (which is visible 
in the dark), and the entire liquid glows as the crystals begin to separate. The opaque 
variety does not emit light when the crystals separate from its hydrochloric acid solution. 
It is also remarkable that the vitreous variety passes into the opaque form when it it 
pounded— that is, under the action of a series of blows. Thus, several varieties ol 
arsenious anhydride are known, but as yet they are not characterised by any special 
chemical distinctions, and even differ but little in their specific gravities, so that it cannot 
be said that the above differences are due to any isomeric transformation — that is, to an 
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Solutions of arsenious anhydride have a sweet metallic taste, and 
give afetble acid reaction. Its solubility increases with the admixture 
of acids and alkalis. This shows the property of arsenious anhydride 
of forming salts with acids and alkalis. And in fact compounds of it 
with hydrochloric acid (Note 31), sulphuric anhydride (see further on), 
and with the alkali oxides are known. 37 If silver nitrate be added to 
a solution of arsenious anhydride, it does not give any precipitate unless 
a certain amount of the arsenious anhydride is saturated with an alkali 
-for instance, ammonia. It then gives a precipitate of silver arsenite, 
Ajg 3 As0 3 . This is yellow, soluble in an excess of ammonia, and anhy- 
drous ; it distinctly shows that arsenious acid is tribasic, and that it 
differs in this respect from phosphorous acid, in which only two atoms of 
hydrogen can be replaced by metals. 38 The feeble acid character of 

arrangement of the atoms in the molecule — but probably only depend on a difference in 
the distribution of the molecules, or, in other terms, are physical and not chemical 
variations. One part of the vitreous anhydride requires twelve parts of boiling water 
for its solution, or twenty-five parts at the ordinary temperature. The opaque variety is 
less soluble, and at the ordinary temperature requires about seventy parts of water for 
its solution. 

57 Arsenious anhydride does not oxidise in air, either in a dry state or in solution, 
but in the presence of alkalis it absorbs oxygen from the air, and acts as an excellent 
reducing agent. This probably is connected with the fact that arsenic acid is much 
more energetic than arsenious acid, and that it is arsenic acid which is formed by the 
oxidation of the latter in the presence of alkalis. Arsenious anhydride is easily reduced 
to arsenic by many metals, even by copper. 

58 'the feeV-ness of the acid properties of arsenious anhydride is seen in the fact that it 
it be dissolved in ammonia water, and then a still stronger solution of ammonia be added, 
prismatic crystals separate having the composition of ammonium metarsenite, NH^AsOj. 
This ammonium salt deliquesces in air, and loses all its ammonia. The magnesium salt 
is tri-metallic, Mgj(As0 5 ) i ; it is insoluble in water, and is formed by mixing an ammo- 
niacal solution of arsenious anhydride with an amnion iacal solution of a magnesium salt. 
It is insoluble even in ammonia, although it dissolves in an excess of acids. Magnesium 
hydroxide gives the same salt with arsenious solutions, and hence magnesia is one of 
the best antidotes for arsenic poisoning. The arsenites of copper are much used in 
the manufacture of colours, more especially of pigments. They are distinguished by 
their insolubility in water and by their remarkably vivid green colour, but at the same 
time by their poisonous character. Not only do such pigments applied to wall papers or 
other materials easily dust off from them, but they give exhalations containing AsH 5 . The 
cupric salts, CuX-2, when mixed with an alkaline solution of arsenious acid, give a green 
precipitate of a copper salt called ScheeU's green. Its composition is probably CuHAsOj. 
Ammonia dissolves it, and gives a colourless solution, containing cuprous arsenate — that 
is, the cupric compound is reduced and the arsenic subjected to a further oxidation. 
The so-called Schweinfurt green was still more used, especially in former times; it is 
an insoluble green cupric salt, which resembles the preceding in many respects, but 
has a different tint. It is prepared by mixing boiling solutions of arsenious acid and 
cupric acetate. Arsenious acid forms an insoluble compound with ferric hydroxide, re- 
sembling the phosphate ; and this is the reason why freshly precipitated oxide of iron is 
employed as an antidote for arsenic. The freshly precipitated oxide of iron, taken im- 
mediately after poisoning by arsenic, converts the arsenious acid into an insoluble state, 
by forming a compound on which the acids of the stomach have no action, so that the 
poisoning cannot proceed. It is remarkable that the inhabitants of certain moun- 
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"^ 'arsenious anhydride is confirmed by the formation of saline compounds. 

"* with acids. In this respect the most remarkable example is the 

*t anhydrous compound with sulphuric acid, having the composition 

AP AsgOjiSOj. It is formed in the roasting of arsenical pyrites in those 

"^ spaces where the arsenious anhydride condenses, a portion of the 

*i\ sulphurous anhydride being converted into sulphuric anhydride, SO ; , 

at the expense of the oxygen of the air. The compound in question 

i forms colourless tabular crystals, Which are decomposed by water with 

formation of sulphuric acid and arsenious anhydride. 89 

Antimony (stibium), 8b=120, is another analogue of phosphorus. 
In its external appearance and the properties of its compounds it re- 
•. sembles the metals still more closely than arsenic. In fact, antimony 

has the appearance, lustre, and many of the characteristic properties of 
the metals. Its oxide, Sb,0 3 , exhibits the earthy appearance of rust 
or of lime, and has distinctly basic properties, although it corresponds 
with nitrous and phosphorous anhydride, and is able, like them, to give 
saline compounds with bases. At the same time antimony presents, in 
the majority of its compounds, an entire analogy with phosphorus and 
arsenic. Its compounds belong to the type SbX 3 and SbX A . It is 
found in nature chiefly in the form of sulphide, Sb*S 3 . This substance 
sometimes occurs in large masses in mineral veins and is known in 
r mineralogy under the name of antimony glance or stibnite, and com- 

mercially as antimony (Chapter XX., Note 29). The most abundant 
" , deposits of antimony ore occur in Portugal (near Oporto on -the Douro). 

Besides which antimony partially or totally replaces arsenic in some 
minerals ; thus, for example, a compound of antimony sulphide and 
arsenic sulphide with silver sulphide is found in red silver ore. But in 
every case antimony is a rather rare metal found in few localities. In 
/y Russia it is known to occur in Daghestan in the Caucasus. It is 

* t* extracted chiefly for the preparation of alloys with lead and tin, 

|HM^s^s^t_ which are used for casting printing type. 40 Some of its compounds are 

Hfr tainous countries accustom themselves to taking arsenic, as a means which, according to 

^P their experience, helps to overcome the fatigue of mountain ascents. Arsenious anhydride 

^^^^^^^H BT * na ' certain of its salts are also used in medicine, naturally only in small quantities. 

^^^ When taken internally arsenic passes into the blood, and is mainly excreted by the 

urine,. 

*» Adie (1880) obtained compounds of AB3O3 with 1, 8, 4, and 8 SO s by the direct 
action of ordinary and Nordhausen sulphuric acid upon AajOj. Weber had previously 
obtained As,O s S0 3 (which disengages S0 5 at 225°), and also other As^OjnSOs (where 
n«8, 6, and 8), by the action of the vapours of SO$ upon Aetata definite temperature. 
The compound As»Oj,8SOj loses 8O3 at 100° Oxide of antimony, StvjOj, gives similar 
compounds. Adie (1891) also obtained (by the action of 8O3 upon H5PO4) a compound 
H3PO48SO3 in the form of a viscous liquid decomposed by water. 
i «° Printers' type consists of an alloy known as 'type-metal/ containing usually 

ft about 16 parte of antimony to 86 parte of lead ; sometimes (for example, for stereotypes) 
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also used in medicine, the most important in this respect being antimony 
pentasulphide, Sb s S 5 (sulfur auraium arUimonii), and tartar emetic, 
which is a double salt derived from tartaric acid and has the composi- 
tion C 4 H 4 K(SbO)0 6 . Even the native antimony sulphide is used in 
-large quantities as a purgative for horses and dogs. Metallic antimony 
is extracted from the glance, Sb 3 8 2 , by roasting, when the sulphur 
burns away and the antimony oxidises, forming the oxide Sb 3 3 , which 
is then heated with charcoal, and thus reduced to, a metallic stale. The 
.reduction may be carried on in the laboratory on a small scale by 
fusing the sulphide with iron which takes up the sulphur. 40 bU 

Metallic antimony has a white colour and a brilliant lustre ; it 
remains untarnished in the air, for the metal does not oxidise at the 
.ordinary temperature. It crystallises in rhombohedra, and always 
shows a distinctly crystalline structure which gives it quite a different 
aspect from the majority of the metals yet known, It is most like 
tellurium in this respect. Antimony is brittle, so that it is very easily 
powdered ; its specific gravity is 67, it melts at about 432°, but only 
volatilises at a bright red heat. When heated in the air — for instance, 
before the blow-pipe — it burns and gives white odourless fumes, con* 
sisting of the oxide. This oxide is termed antimonious oxide, although 
it might as well be termed antimonious anhydride. It is given the 
first name because in the majority of cases its compounds with acids 
are used, but it forms compounds with the alkalis just as easily. 

Antimonious oxide, like arsenious anhydride, crystallises either in 
regular octahedra or in rhombic prisms ; its specific gravity is 5*56 ; when 
heated it becomes yellow and then fuses, and when further heated in air 
it oxidises, forming an oxide of the composition Sb 2 4 . Antimonious 
oxide is insoluble in water and in nitric acid, but it easily dissolves in 
strong hydrochloric acid and in alkalis, as well as in tartaric acid or 
solutions of its acid salts. When dissolved in the latter it forms tat tar 
emetic. It is precipitated from its solutions in alkalis and acids (by 

from 10 to 16 per cent. Bi or 8 per cent. Sn and even Cu is added. The hardness of the 
alloy, which is essential for printing, evidently depends upon .the presence of antimony, 
but an excess must be avoided, since this renders the alloy brittle, and the type after a 
time loses its sharpness. 

4u bta Antimony is prepared in a state of greater purity by heating with charcoal the 
oxide obtained by the action of nitric acid on the impure commercial metallic antimony. 
This is based on the fact that by the action of the acid, antimony forms the oxide SbjOj, 
which is but slightly soluble in water. The arsenic, which is nearly always present, forms 
soluble arsenious and arsenic acids, and remains in solution. The purest antimony is 
easily obtained from tartar emetic, by heating it with a small quantity of nitre. Metallio 
antimony also occurs, although rarely, native ; and as it is very easily obtained, it was 
known to the alchemists of the fifteenth century. Very pure metallic antimony may be 
deposited by the electric current from a solution of antimonious sulphide in sodium 
sulphide after the addition of sodium chloride to the solution. 

*9 
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the action of acids on the former and alkalis on the latter). It occurs 
native but rarely. As a base it gives salts of the type SbOX (as if the 
basic 8alts=SbX 3 ,Sb 2 3 ) and hardly ever forms salts, SbX 3 . In the 
antimonyl salts, SbOX, the group SbO is univalent, like potassium or 
silver. The oxide itself is (SbO),0, the hydroxide, SbO(OH), Ac. ; 
tartar emetic is a salt in which one hydrogen of tartaric acid is replaced 
by potassium and the other by antimonyl, SbO. Antimonious oxide is 
very easily separated from its salts by any base, but it must be observed 
that this separation does not take place in the presence of tartaric acid, 
owing to the property of tartaric acid of forming a soluble double salt 
— i.e. tartar emetic. 41 

If metallic antimony, or antimonious oxide, be oxidised by an excess 
of nitric acid and the resultant mass be carefully evaporated to dryness, 
metantimonic acid, SbH0 3 , is formed. Its corresponding potassium 
salt, 2SbK0 3 ,5H a O, is prepared by fusing metallic antimony with 
one-fourth its weight of nitre and washing the resultant mass with 
cold water. This potassium salt is only slightly soluble in water (in 
50 parts) and the sodium salt is still less so. An ortho-acid, SbH 3 4 , 
also appears to exist ; 4,bIs it is obtained by the action of water on 
antimony pentachloride, but it is very unstable, like the pentachloride, 
SbCl 5 , itself, which easily gives up Cl 2 , leaving antimony trichloride, 
SbCl 3 , and this is decomposed by water, forming an oxy chloride — 
SbOCl, only slightly soluble in water. When antimonic acid is heated 

41 As antimonious oxide answers to the type SbX 3 , it is evident that compounds may 
exist in which antimony will replace three atoms of hydrogen ; such compounds hare 
been to some extent obtained, but they are easily converted by water into substance* 
corresponding with the ordinary formulas of the compounds of antimony. Thus tartar 
emetic, C 4 H 4 (SbO)KOe, loses water when heated, and forms C 4 H 2 SbKO — that is, 
tartaric acid, C 3 H^O fl , in which one atom of hydrogen is replaced by potassium and 
three by antimony. But this substance is re-converted into tartar emetic by the action 
of water. 

A similar compound is seen in that intermediate oxide of antimony which is formed 
when antimonious oxide is heated in air: its composition is 8b0 3 or SD3O4. This 
oxide may be regarded as orthantimonic acid, SbO(HO) 3 , in which three atoms of 
hydrogen are replaced by antimony in that state in which it occurs in oxide of antimony 
—i.e. SbO(SbOs) = Sb a 4 . Oxide of antimony is also formed when antimonic acid is 
ignited ; it then loses water and oxygen, and gives this intermediate oxide as a whit* 
infusible powder, of sp. gr. 6 - 7. It is somewhat soluble in water, and gives a solution 
which turns litmus paper red. 

«! *> u Beilsteinand Blaese (1889), after preparing many salts of antimonic acid, came 
to the conclusion that it is monobasic, but all the Halts still contain water, so that their 
general type is mostly: MSb0 3 3H 2 0, for example, M = Li, Hg (salts of the suboxide), 
\ Pb, &c. The type of the ortho-halts, M^SbO^, i« quite unknown, although it is reproduced 
in the thio-compounds, for instance, Schlippe's salt, Na.^SbS^, but this salt also contains 
water of crystallisation, 9H a O (Chapter XX., Note 29). 
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to an incipient red heat, it parts with water and forms the anhydride, 
fibjO*, of a yellow colour and specific gravity 6'5. 42 

The heaviest analogue of nitrogen and phosphorus is bismuth, 

4 * Among the other compounds of antimony, antimoniuretted hydrogen, 8bH 3 , re- 
eembles arseniuretted hydrogen in its mode of formation and properties (it splits up at 
160°, Brunn 1890; when liquified, it boils at —65° and solidifies at - 92°), whilst the halogen 
compounds differ in many respects from those of arsenic. When chlorine is passed over 
an excess of antimony powder, it forms antimony trichloride, SbCl 5 , but if the chlorine 
be in excess it forms the pentachloride, SbCl 3 . The trichloride is a crystalline sub- 
stance which melts at 72° and distils at 230°, whilst the pentachloride is a yellow 
liquid, which splits up into chlorine and the trichloride when heated ; at 140° it begina 
to give off chlorine abundantly, carrying away the vapour of the trichloride with it ; and 
at 200° the decomposition is complete, and pure antimonious chloride only passes over. 
This property of antimony pentachloride has caused it to be applied in many cases for 
the transference of chlorine ; all the more that when it has given up its chlorine, it 
leaves the trichloride, which is able to absorb a fresh amount of chlorine ; and therefore 
many substances which are unable to react directly with gaseous chlorine do so with 
antimony pentachloride, and i the presence of a small quantity of it chlorine will acton 
them, just as oxygen is able, in the presence of nitrogen oxides, to oxidise substances 
which could not be oxidised by means of free oxygen. Thus carbon bisulphide is not 
acted on by chlorine at low temperatures — this reaction requires a high temperature 
—bat in the presence of antimony pentachloride its conversion into carbon tetrachloride 
takes place at low temperatures. Antimony tri- and pentachloride, having the 
character of chloranhydrides, fume in air, attract moisture, and are decomposed by 
water, forming antimonious and antimonic acids. But in the first action of water the 
trichloride does not evolve all its chlorine as hydrochloric acid, which is intelligible in 
view of the fact that antimonious anhydride is also a base, and is therefore able to- 
react with acids ; indeed antimony sulphide dissolved in an excess of hydrochloric acid 
(hydrogen sulphide is evolved) gives an aqueous solution of antimony trichloride, which, 
when carefully distilled, even gives the anhydrous compound Antimony trichloride is 
only decomposed by an excess of water, and then not completely, for with a large quantity 
of water it forms powder of algaroth — ije. antimony oxychloride The first action of 
water consists in the formation of oxychloride, SbOCl — that is, a salt corresponding to- 
oxide of antimony as a base. If antimony oxide or antimony chloride be dissolved in an 
excess of hydrochloric acid, and the solution diluted with a considerable amount of 
water, then this same powder of algaroth is precipitated. The composition varies with, 
the relative amount of water ; namely, between the limits SbOCl and Sb 4 O a Cl a . The 
latter compound is, as it were, a basic salt of the former, because its composition. 
- 2(SbOCl)Sb,0 5 . 

With bromine and iodine, antimony forms compounds similar to those with chlorine* 
Antimonious bromide, SbBr s , crystallises in colourless prisms, melts at 94°, and boils at 
270° ; antimonious iodide, Sbl 5 , forms red crystals of sp. gr. 5*0 ; antimony tri fluoride,. 
8bF 5 separates from a solution of antimonious oxide in hydrofluoric acid, and SbF s is 
formed by a similar treatment of antimonic acid. The latter gives easily-soluble doublet 
salts with the fluorides of the metals of the alkalis. 

be Haen (1887) obtained very stable double soluble salts, SbF 5 ,KCl (100 parts of 
water dissolve 57 parts of salt), 8bF s ,K 3 S0 4 , &c, which he proposed to make use of in. 
the arts as very easily crystallisable and soluble salts of antimony. 

Engel, by passing hydrochloric acid gas into a saturated solution of antimonious 
Chloride at 0°, obtained a compound HCl,2SbCl 3 ,2*I 2 0, and with the pentachloride a. 
compound SbCl 5 ,5HCl,10H a O. Bismuth trichloride, BiClj, gives a similar compound. 

Saunders (1892) obtained 5RbCl,3SbClj and RbCl.SbClj Ditto and Metzner (1899) 
showed that Sb and Bi dissolve in hydrochloric acid only owing to the participation of 
the oxygen of the air or of that dissolved in the acid 
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Bi=208. Here, as in the other groups, the basic, metallic, proper- 
ties increase with the atomic weight. Bismuth does not .give any 
hydrogen compound and the highest oxide, Bi 2 5 , is a very feeble 
acid oxide. Bismuthous oxide, Bi 2 3 , is a base, and bismuth itself 
a perfect metal. To explain the other properties of bismuth it must 
further be remarked that in the eleventh series it follows mercury, 
thallium and lead, whose atomic weights are near to that of bismuth, 
and that therefore it resembles them and more especially its nearest 
neighbour, lead. Although PbO and Pb0 2 represent types different 
from Bi a 3 and Bi 2 O t , they resemble them in many respects, even in 
their external appearance, moreover the lower oxides both of Pb and Bi 
are basic and the higher acid, which easily evolve oxygen. But judging 
by the formula, Bi a 3 is a more feeble base than PbO They both easily 
give basic salts. 

Bismuth forms compounds of two types, BiX 3 and BiX*, 43 which 
entirely recall the two types we have already established for the 
compounds of lead. Just as in the case of lead, the type PbX, is 
basic, stable, easily formed, and passes with difficulty into the higher 
and lower types, which are unstable, so also in the case of bismuth the 
type of combination BiX 3 is the usual basic form. The higher type of 
combination, BiX 5 , 44 in fact behaves toward this stable type, BiX 3f in 
exactly the 6ame manner as lead dioxide does to the monoxide; and 
bismuthic acid is obtained by the action of chlorine on bismuth oxide 
suspended in water, in exactly the same way as lead dioxide is obtained 

43 Metallic bismuth is very easily obtained when the compounds of the oxide are 
reduced by powerful reducing agents, but when less powerful reducing agents— for 
example, stannous oxide— are taken, bismuth suboxide is formed as a black crystalline 
powder. It is a compound of the type BiX,, its composition being BiO : it is decomposed 
by acids into the metal and oxide, which passes into solution. 

** The type BiX 5 is represented by the pentoxide, Bi 2 O a , its metahydrate, Bi^O^H^O, 
or BiH0 3 , known as bismuthic acid, and the pyrohydrate, BijB^Q;. Bismuth pentoxide 
is obtained by the prolonged passage of clilorine through a boiling solution of potassium 
hydroxide (sp. gr. 1"38), containing bismuth oxide in suspension ; the precipitate is 
waehed with water, with boiling nitric acid (but not for long, as otherwise, the bismuthic 
acid is decomposed), then again with water, and finally the resultant bright red powder of 
the hydrate BiH0 3 is dried at 125° The prolonged action of nitrio acid on bisrauthio 
anhydride, Bi^O.,, results in the formation of the compound Bi 2 0,,HgO, which decompose* 
in moist air, forming Bi 2 3 . The density of bismuthic anhydride is 610, of the tetroxide, 
3^04, 6*60, and of bismuthic acid, BiHO^, 575. Pyrobismuthic acid, Bi^H/D?, forms 
a brown powder, which loses a portion of its water at ISO-', and decomposes on further 
heating, with the evolution of oxygen and water. It is obtained by the action of potas- 
sium cyanide on a solution of bismuth nitrate. The mo ta- salts of bismuthic acid are 
known, for example KBiOj. They generally occur, however, in combinations with mete* 
'bismuthic acid itself. Thus Andre* (1891) took a solution of the double salt of BLBr$ and 
KBr, treated it with bromine after adding ammonia, and obtained a red-brown precipi. 
late, which after being washed (for several weeks) had the composition KB1O3, HBiO, 
"When washed with dilate nitric acid this salt gare bismuthic acid. 
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from lead oxide. It is an oxidising agent like lead dioxide, and even 
the acid character in bismuthic acid is only slightly more developed 
than in lead dioxide. Here, as in the case of lead (minium), inter- 
mediate compounds are easily formed in which the bismuth of the 
lower oxide plays the part of a base combined with the acid which is 
formed by the higher form of the oxidation of bismuth. 

In nature, bismuth occurs in only a few localities and in small 
quantities, most frequently in a native state, and more rarely as oxide 
and as a compound of bismuth sulphide with the sulphides of other 
metals, and sometimes in gold ores. It is extracted from its native ores 
by simple fusion in the furnace shown in fig. 85. This furnace contains 
an inclined iron retort, into 
the upper extremity of 
which the ore is charged, 
and the molten metal flows 
from the lower extremity. 
It is refined by re- melting, 
and the pure metal may be 
obtained by dissolving in 
nitric acid, decomposing the 
resultant salt with water, 
and reducing the precipitate 
by heating it with charcoal. 
Bismuth is a metal which 
crystallises very well from a molten state. Its specific gravity is 9*8 ; 
it melts at 269°, and if it be melted in a crucible, allowed to cool slowly, 
and the crust broken and the remaining molten liquid poured out, perfect 
rhombohedral crystals of bismuth are obtained on the sides of the 
crucible. 44Ws It is brittle, has a grey-coloured fracture with a reddish 
lustre, is not hard, and is but very slightly ductile and malleable ; it 
volatilises at a white heat and easily oxidises. It recalls antimony and 
lead in many of its properties. When oxidised in air, or when the 
nitrate is ignited, bismuth forms the oxide, Bi a 3 , as a white powder 
which fuses when heated and resembles massicot. The addition of an 
excess of caustic potash to a solution of a bismuthous salt gives a white 
precipitato of the hydroxide, BiO(OH), which loses its water and gives 

44 Ma Herard (1889) obtained a peculiar variety of bismuth by heating pure crystalline 
bismuth to a "bright red heat in a stream of nitrogen. A greenish vapour was deposited 
in the cooler portions Of the apparatus in the form of a grey powder, which under the 
microscope had the appearance of minute, globules. An atmosphere of nitrogen is 
necessary for this tranformation, other gases such as hydrogen and carbonic oxide do not 
f stout the transition. The resultant amorphous bismuth fuses st 410° (the crystalline 
variety at 960°), sp. gr. 9*488. (Does it not contain a nitride ?) 




Fig. 85.— Furnace tued for the extraction of bismuth 
from H s ores. 
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the anhydrous oxide when boiled with a solution of caustic potash 
Both the hydroxide and oxide easily dissolve in acids and form bis 
muthous salts. 

Bisvxutlwus oxide, Bi 2 3 , is a feeble and unenergetic base. The 
normal hydroxide of the oxide Bi 2 3 is Bi(OH) 3 ; it parts with water 
and forms a metahydroxide (bismuthyl hydroxide), BiO(OH). Both of 
these hydroxides have their corresponding saline compounds of the 
composition BiX 3 and BiOX. And the form BiOX is nothing else but 
the type of the basic salt, because 3ROX=RX + R 2 3 . It is evident 
that in the type BiX 3 the bismuth replaces three atoms of hydrogen. 
And indeed with phosphoric acid solutions of the bismuthous salts 
give a precipitate of the composition BiP0 4 . On the other hand, in 
the form of compounds BiOX or Bi(OH) 2 X, the univalent group (BiO) 
or (BiH 2 2 ) is combined with X. Many bismuth salts are formed 
according to the type BiOX. For instance the carbonate, (Bi0) 2 C0 8 , 
which corresponds with the other carbonates M 2 C0 3 . It is obtained 
as a white precipitate when a solution of sodium carbonate is added to 
a solution of a bismuth salt. 45 The compound radicle BiO is not a 
special natural grouping, as it was formerly represented to be ; it is 
simply a mode of expression for showing the relation between the com- 
pound in question and the compounds of other oxides. 

Three salts of nitric acid are ' known containing bismuthous 
oxide. If metallic bismuth or its oxide be dissolved in nitric acid, it 
forms a colourless transparent solution containing a salt which sepa- 
rates in large transparent crystals containing Bi(N0 8 ) 3 ,5H 2 0. When 
heated at 80° these crystals melt in their water of crystallisation, and 
in so doing lose a portion of their nitric acid together with water, 
forming a salt whose empirical formula is Bi 2 N 2 H 2 9 . If the preceding 
salt belongs to the type BiX 3 , this one should belong to the form 
BiOX, because it=BiO(N0 3 ) + Bi(H 2 2 )(N0 3 ). This salt may be 
heated to 150° without change. When the first colourless crystalline 
salt dissolves in water it is decomposed. There is no decomposition if 
an excess of acid be added to the water — that is to say, the salt is able 
to exist in an acid solution without decomposing, without separation of 
the so-called basic salt — but by itself it cannot be kept in solution ; water*" 
decomposes this salt, acting on it like an alkali. In other words the 
basic properties of bismuthic oxide are^so feeble that even water acts by 
taking up a portion of the acid from it. Here we see one of the most 
striking facts, long since observed, confirming that action of water on 
salts about which we have spoken in Chapter X. and elsewhere. This 

48 Basic bismuth carbonate is employed for whitening the skin (veloutine, &c.) 
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action on water may be expressed thus: — BiX 3 + 2H 2 0=Bi(OH)2X* 
+2XH. A salt of the type Bi(OH) 2 X is obtained in the precipitate. 
Bat if the quantity of acid, HX, be increased, the salt BiX 3 is 
again formed and passes into solution. The quantity of the salt BiOX 
which passes into solution on the addition of a given quantity of acid 
depends indisputably on the amount (mass) of water (Muir). The 
solution, which is perfectly transparent with a small amount of water, 
becomes cloudy and deposits the salt of the type BiOX, when 
dilated. The white flaky precipitate of Bi(OH) 2 N0 3 formed from the 
normal salt Bi(N0 3 ) 3 by mixing it with five parts of. water, and in 
general with. a small amount of water, is used in medicine under the 
name of raagistery of bismuth. 46 

Metallic bismuth is used in the preparation of fusible alloys. The 
addition of bismuth to many metals renders them very hard, and at the 
same time generally lowers their melting point to a considerable extent. 
Thus Wood's metal, which contains one part of cadmium, one part of 
tin, two parts of lead, and four parts of bismuth, fuses at about 60°, and 
in general many alloys composed of bismuth, tin, lead, and antimony 
melt below or about the boiling point of water. 47 

«• With an excess of water a further quantity of acid is separated and a still more basio 
aalt formed. The ultimate product, on which an excess of water has apparently no 
action whatever, is a substance baying the composition BiO(N0 5 ).BiO(OH). In the 
latter salt we see the limit of change, and this limit appears to show that the type 
of the saline compounds of bismuthic oxide is of the form Bi^X*, and not BiX 3 ; 
but It is very probable, on the basis of the examples which we considered in the case of 
lead, that this type should be still further polymerised in order to give a correct ideaof the 
type of the bismuthous compounds. If we refer all the bismuthous compounds to this 
type, Bi 3 X«, we shall obtain the following expression for the composition of the nitrates : 
normal salt, Bi a (N0 3 ) fl , first basio salt, BiaO(OH) 3 (NOj)j, magistery of bismuth, 
Bi 2 (0H) 4 (N0 3 )*, and the limiting form Bi a O a (OH)(N0 5 ). 

The general character of bismuthous oxide in its compounds is well exemplified 
in the nitrate; bismuthous chloride, BiClj, which is obtained by heating bismuth 
in chlorine, or by dissolving it in aqua regia, and then distilling without access of 
air, is also decomposed by water in exactly the same manner, and forms basic 
salts— for instance, first, BiOCl, like the above salt of nitrio acid. Bismuth 
chloride boils at 4i1° and probably its formula is BiClj. Polymerisation may take 
place in some compounds and not in others. A volatile compound of the composition 
Bi(C,H 5 ) 5 is also known as a liquid which is insoluble in water and decomposes with 
explosion when heated at 180°. Double salts containing chloride of bismuth are : 
2(KCl)BiCl J aa 2 (from a solution of Bi^Oj and KC1 in hydrochloric acid) and 
KClBiCljHjO. Bigham (1892) also obtained KBrfSO*)? in tabular crystals by treating 
the above-named double salt with strong sulphuric acid. The composition of this salt 
recalls that of alum. 

43 As the metals contained in alloys like the above (bismuth, lead, tin, cadmium) are 
difficultly volatile and their alloys are fusible, they may be employed in the place of mer- 
cury in many physical experiments conducted at or above 70°, and they offer the advantage 
•that they do not give any vapour having an appreciable tension (mercury at 100', 075 mm.) 
Bismuth expands in passing into a molten state, but it has a temperature of m*T»rnnm 
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Just as in group IT., side by side with the elements zinc, cadmium, 
and mercury in the uneven series, we found calcium, strontium, and 
barium in the even series ; and as in group IV., parallel to silicon, ger- 
manium, tin, and lead, we noticed thallium, zirconium, cerium, and 
thorium ; so also in group V. we find, beside those elements of the un- 
even series just considered by us, a series of analogues in the even series, 
which, with a certain degree of similarity (mainly quantitative, or relative 
to the atomic weights), also present a series of particular (qualitative) 
independent points of distinction. In the even series are known vaiia- 
dium, which stands between titanium and chromium, niobium^ between 
eirconium and molybdenum, and tantalum, situated near tungsten (an 
element of group VI. like chromium and molybdenum ). Just as bismuth 
is similar in many respects to its neighbour lead, so also do these neigh- ' 
bouring elements resemble each other, even in their external appearance, 
not to mention the quality of their compounds, naturally taking into 
account the differences of type corresponding with the different groups. 
The occurrence in group V. determines the type of the oxides, R^Oj 
and R^O-j, and the development of an acid character in the higher 
oxides. The occurrence in the even series determines the absence of 
volatile compounds, RH 3 , for these metals, and a more basic character 
of the oxides of a given composition than in the uneven series, tfec. 48 
Vanadium, niobium, and tantalum belong to the category of rare metals, 
and are exceedingly difficult to obtain pure, more especially owing to 
their similarity to, and occurrence with, chromium, tungsten and other 
metals, and also in combination among themselves ; therefore it is 
natural that they have been far from completely studied, although since 
1860 chemists have devoted not a little time to their investigation. 
The researches carried out by Marignac, at Geneva, on niobium, 
and by Sir Henry Roscoe, at Manchester, on vanadium deserve 
special attention. The undoubted external resemblance of the com- 
pounds of chromium and vanadium, as well as the want of com- 
pleteness in the knowledge of the compounds of vanadium, long caused 
its oxides to be considered analogous in atomic composition to those 
formed by chromium. The higher oxide of vanadium was therefore 
supposed to have the formula V0 3 . But the fact of the matter is, 
that the chemical analogy of the elements does not hold in one 
direction only ; vanadium is at one and the same time the analogue of 

density. According to Luedeking the mean coefficient of expansion of liquid bismuth in 
00000142 (between 270° and 303°), and of solid bismuth 00000411. 

■*• Although, guided by Brauner, who showed that didymiuin gives a higher oxide, 
Di,0 5 , 1 place this element in the fifth group, still I am not certain as to its position, 
because I consider that the questions relating to this metal are still far from being defi- 
nitely answered. 
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chromium, and consequently of the elements like sulphur of group VI, 
and also the analogue of phosphorus, arsenic, and antimony ; just as 
bismuth stands in respect to lead and antimony. Investigation has 
shown that the compounds of vanadium are always accompanied by those 
of phosphorus- as well as of iron, and that it is even more difficult to 
separate it from the compounds of phosphorus than from those of iron 
and tungsten. We should have to extend our description considerably 
if we wished to give the complete history, even of vanadium alone, not 
to mention niobium and tantalum, all the more as questions would not 
unfrequently arise concerning the compounds of these elements which 
have not yet been fully elucidated. We shall therefore limit ourselves 
to pointing out the most important features in the history of these 
elements, the more so since the minerals themselves in which they occur 
are exceedingly rare and only accessible to a few investigators. 

An important point in the history of the members of this group 
is the circumstance that they form volatile compounds with chlorine, 
similar to the compounds of the elements of the phosphorus group, 
namely, of the type RX a . The vapour densities of the compounds 
of this kind were determined, and served as the most important 
basis for the explanation of the atomic composition of these molecules. 
In this we see the power of general and fundamental laws, like the 
law of Avogadro-Gerhardt. An oxy chloride, VOCl 3 , is known for 
vanadium, which is the perfect analogue of phosphorus oxychloride. 
It was formerly considered to be vanadium chloride, for just as in 
the case of uranium (Chapter XXL), its lower oxide, VO, was con- 
sidered to be the metal, because it is exceedingly difficultly reduced — 
even potassium does not remove all the oxygen, besides which it has 
a metallic appearance, and decomposes acids like a metal ; in a word, it. 
simulates a metal in every respect. Vanadium oxychloride is obtained 
by heating the trioxide, V a 3 , mixed with charcoal, in a current of hy- 
drogen ; the lower oxide of vanadium is then formed, and this, when 
heated in a current of dry chlorine, gives the oxychloride VOCl 2 as a 
reddish liquid which does not act on sodium and may be purified by 
distillation over this metal. It fumes in the air, giving reddish vapours ; 
it reacts on water, forming hydrochloric and vanadic acids ; hence, 
on the one hand it is very similar to phosphorus oxychloride, and on 
the other hand to chromium oxychloride, CrO a Cl$ (Chapter XXI.) 
It is of a yellow colour, its specific gravity is 183, it boils at 120°, and 
its vapour density is 86 with respect to hydrogen ; therefore the above 
formula expresses its molecular weight 49 

49 When the vapours of vanadium oxychloride are heated with tine in a closed 
tube at 400°, they lose a portion of their chlorine and form a green crystalline mass. 
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Vanadic anhydride, V 2 5 , is obtained either in small quantities 
from certain clays where it accompanies the oxides of iron (hence some- 
sorts of iron contain vanadium) and phosphoric acid, or from the -rare 
minerals : volborthite, CuHV0 4 , or basic vanadate of copper ; vuma- 
dinite, PbCl 4 3Pb 3 (V0 4 ) 2 , lead vanadate, Pb 3 (V0 4 )„ «fcc. The latter 
salts are carefully ignited for some time with one-third of their weight of 
nitre , the fused mass thus formed is powdered and boiled in water : the 
yellow solution obtained contains potassium vanadate. The solution 
is neutralised with acid, and barium chloride added ; a meta-salt, 
Ba(V0 3 )2, is then precipitated as an almost insoluble white powder, 
which gives a solution of vanadic acid when boiled with sulphuric 
acid. (The precipitate is at first yellow, as long as it remains amor- 
phous, but it afterwards becomes crystalline and white.) The solution 
thus obtained is neutralised with ammonia, which thus forms ammo- 
nium (ineta) vanadate, NH 4 V0 3 , which, when evaporated, gives colour- 
less crystals, insoluble in water, containing sal-ammoniac ; hence this 
salt is precipitated by adding solid sal-ammoniac to the solution. 
Ammonium vanadate, when ignited, leaves vanadic acid behind. In 
this it differs from the corresponding chromium salt, which is de- 
oxidised into chromium oxide when ignited. In general, vanadic acid 
has but a small oxidising action. It is reduced with difficulty, like 
phosphoric or sulphuric acid, and in this differs from arsenic and 
chromic acids. Vanadic acid, like chromic acid, separates from its solu- 
tion as the anhydride ~V 2 5 , and not in a hydrous state. Vanadic 
anhydride, V 2 5 , forms a reddish-brown mass, which easily fuses and re- 
solidifies into transparent crystals having a violet lustre (another point? 
of resemblance to chromic acid) ; it dissolves in water, forming a yellow 
solution with a slightly acid reaction. 50 

of sp. gr. 288, which is deliquescent in air and has the composition VOClj- Only 
its vapour density is unknown, and it would be extremely important to determine 
whether its molecular composition is that given above, or whether it corresponds with 
the formula V 2 2 Cl4. Another less volatile oxychloride, VOC1, is formed with it as 
a brown insoluble substance, which is, however, soluble in nitric acid like the preceding. 
Roscoe obtained a still less chlorinated substance, namely, (VO) 3 Cl; but it may only 
consist of a mixture of VO and VOC1. At all events, we here find a graduated series such 
as is met with in the compounds of very few other elements. 

M Strong acids and alkalis dissolve vanadic anhydride in considerable quantises, 
forming yellow solutions. When it is ignited, especially in a current of hydrogen, it 
evolves oxygen and forms the lower oxides ; V 2 4 (acid solutions of a green colour, like 
the salts of chromic oxide), V 2 3 , and the lowest oxide, VO. The latter is the metallic 
powder which is obtained when the vanadium oxychloride is heated in an excess of 
hydrogen, and was formerly mistaken for metallic vanadium. When a solution of 
vanadic acid is treated with metallic sine it forms a blue solution, which seems to contain 
this oxide. It acts as a reducing agent (and forms a close analogue to chromous oxide, 
CrO). Metallic vanadium can only be obtained from vanadium chloride which is quite 
free from oxygen. Moissan (1893) obtained it by reducing the oxide with carbon in the 
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Niobium and tantalum 61 occur as acids in rare minerals, and are 
mainly extracted from tantalite and columbite, which are found in 
Bavaria, Finland, North America, and in the Urals. These minerals 
are composed of the, ferrous salts of niobic and tantalic acids ; they 

electric furnace, and considered it to be most infusible of the metals in the series Pt, 
Cr, Mo, U, W. and V (he also obtained a compound of vanadium and carbon). The 
specific gravity of this metal is 5*6. It is of a grey- white colour, is not decomposed by 
water, and is not oxidised in air, but burns when strongly heated, and can be fused in a 
current of hydrogen (forming perhaps a compound with hydrogen). It is insoluble in 
hydrochloric acid, but easily dissolves in nitric acid, and when fused with caustic soda it 
forms sodium vanadate. 

As regards the salts of vanadic acid, three different classes are known ; the first 
correspond with, metavanadic acid, VMO s aM?OY 9 Os, the second v correspond with the 
dichxomates— that is, have the composition Y 4 M,O n , wJuch is equal to M^O + aVjOj 
—and the third correspond with orthbvanadic acid, VM s 4 or 8M*0 + V a O». The latter 
are formed when vanadie anhydride is fused, with an excess of an alkaline carbonate. 

Vanadio acid gives the so-called ' complex. ' acids (which are considered more fully in 
Chapter XXI. in speaking of Mo and W) — i.e. acids formed of two acids assimilated into 
one. Thus Friedheim (1890) obtained phosphor-vanadio acid, and 8chmits-Dumont 
(1890) a similar arseno-vanaditf acid. The former is obtained by heating V,0» with 
sirupy phosphoric acid. The resultant golden-yellow tabular crystals have the 
composition H3OV2O5P2O39H2O, and there are corresponding salts — for example, 
(NH^VjOjPjOa with 8 and 7^0, &o. These salts cannot be separated by crystallisa- 
tion, so that there are ' complexes ' of these acids in a whole series of salts (and also in 
nature). It may be supposed (Friedheim) that V 2 3 here, as it were, plays the part of a 
base, or that those acids may be looked upon as double salts. Among the true double 
salts of vanadium (Nb and -Ta) very many are known among the fluorides, such as 
VF52NH4F, VOFaONHtF, VOjF^N^F, &o. (Pettersson, Piccini, and Georgi, 1890-93). 

Vanadium was discovered at the beginning of this century by Del-Rio, and afterwards 
investigated by Sefstrb'm, but it was only in 1868 that Roscoe established the above 
formuljs of the vanadic compounds. 

51 The researches made by Roscoe were preceded by those of Marignac in 1865, on 
the compounds of niobium and tantalum, to which were also ascribed different formulas 
from those now recognised. Tantalum was discovered simultaneously with vanadium 
by Hatchett and Ekeberg, and was afterwards studied by Rose, who in 1844 discovered 
niobium in it. Notwithstanding the numerous researches of Hermann (in 'Moscow), 
K obeli; Rose, and Marignac, still there is not yet any certainty as to the purity of, and 
the properties ascribed to, the compounds of these elements. They are difficult to 
separate from each other, and especially from the cerite metals and titanium, &c, which 
accompany them. Before the investigations of Rose the highest oxide of tantalum was 
supposed to belong to the type TaX« — that is, its composition was taken as TaOs, &°d to 
the lower oxide was ascribed a formula Ta0 2 . Rose gave the formula Ta0 2 to the 
higher oxide, and discovered a new element called niobium in the substance previously 
supposed to be the lower oxide. He even admitted the existence of a third element occur- 
ring together with tantalum and niobium, which he named pelopium, but he afterwards 
found that pelopic acid was only another oxide of niobium, and he considered it probable 
that the higher oxide of this element is Nb0 2 , and the lower Nb 3 5 . Hermann found that 
niobic acid which was considered pure contained a considerable quantity of tantalic acid, 
and besides this he admitted the existence of another special metallic acid, which he called 
ilmenic acid, after the locality (the Ilmen mountains of the Urals) of the mineral from 
which he obtained it V. Eobell recognised still another acid, which he called dianic acid, 
and these diverse statements were only brought into agreement in the sixties by Marignac 
He first of all indicated an accurate method for the separation of tantalic and niobio 
compounds, which are always obtained in admixture. 
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contain about 15 per cent, of ferrous oxide in isomorpboos mixture 
with manganous oxide, in combination with various proportions of 
tantalic and niobic anhydrides. These minerals are first fused with 
a considerable, amount of potassium bisulphate, and the fused mass 
is boiled in water, which dissolves the ferrous and potassium salts and 
leaves an insoluble residue of impure niobic and tantalic acids. This 
raw product is then treated with ammonium sulphide, in order to 
extract the tin and tungsten, which pa^s into solution. The residue 
containing the acids (according to Marignae) is then treated with hydro- 
fluoric acid, in which it entirely dissolves, and pDtassium fluoride is 
added to the resultant hot solution ; on cooling, a sparingly soluble 
double fluoride of potassium and tantalum separates out in fine crystals, 
while the much more soluble niobium salt remains in solution. TT*e 
difference in the solubility of these double salts in water acidified with 
hydrofluoric acid (in pure water the solution becomes cloudy after a 
certain time) is so great that the tantalum compound requires 150 parts 
of water for its solution, and the niobium compound only 13 parts. 
The Greenland coluinbite (syeei£c gravity 5\JG) only contains niobic 
acid, and that from Bodenniais. Bavaria (specific gravity 6*0*5) almost 
equal quantities of tantalic and niobic acids. Having isolated tantalic 
and niobic salts, Marignac found that the relation between the potas- 
sium and fluorine in them is very variable — that is, that there exist 
various double salts of fluoride of potassium, and of the fluorides of 
the metals of this group, but that with an excess of hydrofluoric acid 
both the tantalum and niobium compounds contain seven atoms of 
fluorine to two of potassium, whence it must be concluded that the 
simplest formula for these double salts will be K 5 RF 7 =RF i ,2KF ; 
that is, that the type of the higher compounds of niobium and tantalum 
is RXi, and hence is similar to, phosphoric acid A chloride, TaClj, 
may be obtained from pure tantalic acid by heating it with charcoal 
in a current of chlorine. This is a yellow crystalline substance^ which 
melts at 211°, and boils at 241° ; its vapour density with respect to 
hydrogen is 180, as would follow from the formula TaCl 5 . It is com- 
pletely decomposed by water into tantalic and hydrochloric acids. 
jfiobium pentacJUoridt may be prepared in the same manner ; it* fuses 
at 194°, and boils at 240° When treated with water this substance 
gives a solution containing niobic acid, which only separates out oo 
boiling the solution. Delafontaine and Deville found its vapour 
density to be 9*3 (air = 1), as is shown by its formula NbCl 5 . 4 * 



*• If niobic acid be mixed with a small quantity of charcoal and ignited in a I 
of chlorine, a difficultly-fusible and dimculUy-rolatile oxychloride, NbOClj, separate*, 
The Tapoux density of this compound with respect to air is 7*5, and this vapour denstj 



Digitized by 



Google 



PHOSPHORUS AND THE OTHEB ELEMENTS OF GROUP V. 199 

perfectly confirms the accuracy of the formulae giren by Marignac, and indicates the 
quantitative.analogy between the compounds of niobium and tantalum, and those of 
phosphorus and arsenic, and consequently also of vanadium. In their qualitative rela- 
tions (as is evident also from the correspondence of the atomic weights), the compounds 
of tantalum and niobium exhibit a great analogy with the compounds of molybdenum and 
tungsten. Thus zinc, when acting on acid solutions of tantalic and niobic compounds, 
gives a blue coloration, exactly as it does with those of tungsten and molybdenum (also 
titanium). These acids form the Same large number of salts as those of tungsten and 
molybdenum. The anhydrides of the acids are also insoluble in water, bat as colloids are 
sometimes held in solution,, just like those of titanic and molybdic acids. Furthermore, 
niobium is in every respect the nearest analogue of molybdenum, and tantalum of tung- 
sten. Niobium is obtained by reducing the double fluoride of niobium and sodium, with 
sodium. It is difficult to obtain in a pure state. It is a metal on which hydrochloric 
acid acts with some energy, as also does hydrofluoric acid mixed wijh nitric acid, and also 
a boiling solution of caustic potash. Tantalum, which is obtained in exactly the same 
way, is a much heavier metal. It is infusible, and is only acted on by a mixture ol 
hydrofluoric and nitric acids. Rose in 1868 showed that in the reduction of the double 
fluoride, NbF 5 ,2KF, by sodium, a greyish powder is obtained after treating with water. 
The specific gravity of this powder is 68, and he considers it to be niobium hydride, 
NbH. Neither did he obtain metallic niobium when he reduced with magnesium and 
aluminium, but an alloy, AljNb, having a sp. gr. of 4*6. 

Niobium, sp far as is known, unites in three proportions with oxygen. NbO, which i* 
formed when NbOF 3 ,2KF is reduced by sodium ; NbOj, which is formed by igniting 
niobic acid in a stream of hydrogen, and niobic anhydride, NbjOj, a white infusible 
substance, which is insoluble in acids, and has a specific gravity of 45. Tantalic anhy. 
dride closely resembles niobic anhydride, and has a specific gravity of 7*2. The tantalatet 
and niobates present the type of ortho-salts — for example, Na^HNbO^.CH^O, and also of 
pyro-salts, such as KjHNb^^HjO, and of meta-snlts — for example, KNbO s ,2H^O. 
And, besides these, they give salts of a more complex type, containing a larger amount 
of the elements of the anhydride , thus, for instance, when niobic anhydride is fused 
with caustic potash it forms a salt which is soluble in water, and crystallises in mono- 
clinic prisms, having the composition K^NbgO^ieHjO. There is a perfectly similar 
isomorphous salt of tantalic acid. Tantalite is a salt of the type of met atan tali c acid, 
Fe(Ts0 3 >,. The composition of Yttrotantalite appears to correspond with orthotantalio 
acid. 
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CHAPTER XX 

8HLPHUR, 8ELBN1UM, AND TELLURIUM 

The acid character of the higher oxides R0 3 of the elements of 
group VI. is still more clearly defined than that of the higher oxides of 
the preceding groups, whilst feeble basic properties only appear in 
the oxides R0 3 of the elements of the even series, and then only for 
those elements having a high atomic weight — that is, under those two 
conditions in which, as a rule, the basic characters increase. Even the 
lower types RO, and Rj0 3 , <tc, formed by the elements of group VL, 
are acid anhydrides in the uneven series, and only those of the elements 
of the even series have the properties of peroxides or even of bases. 

Sulphur is the typical representative of group VI., both on'account of 
the fact that the acid properties of the group are clearly defined in it, and 
also because it is more widely distributed in nature than any of the other 
elements belonging to this group. As an element of the uneven series 
of group VI., sulphur gives H 2 S, sulphuretted hydrogen, S0 3 , sulphuric 
anhydride, and S0 2 , sulphurous anhydride. And in all of them we find 
acid properties — S0 3 and S0 2 are anhydrides of acids, and H,S is an 
acid, although a feeble one. As an element sulphur has all the pro- 
perties of a true non-metal ; it has not a metallic lustre, does not 
conduct electricity, is a bad conductor of heat, is transparent, and 
combines directly with metals — in short it has all the properties of the 
non-metals, like oxygen and chlorine. Furthermore, sulphur exhibits 
a great qualitative and quantitative resemblance to oxygen^ especially 
n the fact that, like oxygen, it combines with txco atoms of hydrogen, 
and forms compounds resembling oxides with metals and non-metals. 
From this point of view sulphur is bivalent, if the halogens are univa- 
lent. 1 The chemical character of sulphur is expressed by the fact 

The character of sulphur is very clearly defined in the organo-metallic com- 
pounds. Not to dwell on thi9 vast subject, which belongs to the province of organio 
chemistry, I think it will be sufficient for our purpose to compare the physical properties 
of the ethyl compounds of mercury, zinc, sulphur and oxygen. The composition of aDof 
them is expressed by the general formula (C^H^R, where R = Hg, Zn, S, or O. They 
are all volatile : mercury ethyl, Hg(C 3 H & ) 2) boils at 159°, its sp. gr. is 2-444, molecular 
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that it forms a very slightly stable and feebly energetic acid with 
hydrogen. The salts corresponding with this acid are the sulphides, 
just as the oxides correspond to water and the chlorides to hydrochloric 
acid. However, as we shall afterwards see more fully, the sulphides 
are more analogous to the former than to tho latter. But although 
combining with metals, like oxygen, sulphur also forms chemically 
stable compounds with oxygen, and this fact impresses a peculiar 
character on all the relations of this element. 2 

Sulphur belongs to the number of those elements- which are very 
widely distributed in nature, and occurs both free and combined in 
various forms. The atmosphere, however, is almost entirely free from 
compounds of sulphur, although a certain amount of them should be 
present, if only from the fact that sulphurous anhydride is emitted 
from the earth in volcanic eruptions, and in the air of cities, where 
much coal is burnt, since this always contains FeS 3 . Sea and river 
water generally contain more or less sulphur in the form of sul- 
phates. The beds of gypsum, sodium sulphate, magnesium sulphate^ 
and the like are formations of undoubtedly aqueous origin. The sul- 
phates contained in the soil are the source of the sulphur found in 
plants, and are indispensable to their growth. Among vegetable 
substances, the proteids always contain from one to two per cent, of 
sulphur. From plants the albuminous substances, together with their 
sulphur, pass into the animal organism, and therefore the decomposition 
of animal matter is accompanied by the odour of sulphuretted hydrogen, 
as the product into which the sulphur passes in the decomposition of 
the albuminous substances. Thus a rotten egg emits sulphuretted hy- 
drogen. Sulphur occurs largely in nature, as the various insoluble suU 
phides of the metals. Iron, copper, zinc, lead, antimony, arsenic, &c, 
occur in nature combined with sulphur. These sulphides frequently 
have a metallic lustre, and in the majority of cases occur crystallised, 

volume - 106 ; sine ethyl boils at 118°, tp. gr. 1882, volume 101 ; ethyl sulphide, 
8(C V H 4 )^ boils-at 90°, tp. gr. 0-825, volume 107 ; common ether, or ethyl oxide; OfC?!!*),, 
boils at 86°, sp. gr. 0*736, volume 101, in addition to which diethyl itself, (C,H 4 ), » C 4 H l0 , 
boils about 0°, sp. gr. about 0*62, volume about 94. Thus the substitution of Hg, S, and 
O scarcely changes the volume, notwithstanding the difference of the weights; the 
physical influence, if one may so express oneself, of these elements, which are so very 
different in their atomic weights, is almost alike. 

1 Therefore in former times sulphur was known as an amphid element. Although the 
analogy between the compounds of sulphur and oxygen has been recognised from the 
very birth of modern chemistry (owing, amongst other things, to the fact that the oxides 
and sulphides are the most widely spread metallic ores in nature), still it has only been 
clearly expressed by the periodic system, which places both these elements in group VL 
Here, moreover, stands out that parallelism which exists between SO* and ozone OO* 
•between K 3 SO s and peroxide of potassium Kj0 4 (Volkovitch in 1898 again drew attention 
to this parallelism). 
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and also very often several sulphides occur combined or mixed 
together in these crystalline compounds. If they are yellow and have 
a metallic lustre they are called pyrites. Such are, for example* 
copper pyrites, CuFeS 2 , and iron pyrites, FeS 2 , which is the commonest 
of all. They are all also known as glances or blendes if they am 
greyish and have a metallic lustre— for example, zinc blende, lead 
glance, PbS, antimony glance, Sb 3 S 3 , <fcc. And, lastly, sulphur occurs 
native. It occurs in this form in the most recent geological formations 
in admixture with limestone and gypsum, and most frequently in the 
vicinity of active or extinct volcanoes. As the gases of volcanoes con» 
tain sulphur compounds — namely, sulphuretted hydrogen and sulphurous 
anhydride, which by reacting on one another may produce sulphur, which 
also frequently appears in the craters of volcanoes as a sublimate — it 
might be imagined that the sulphur was of volcanic origin. But on a 
nearer aquaintance with its mode of occurrence, and more, especially 
considering its relation to gypsum, CaS0 4 , and limestone, the. present 
general opinion leads to the conclusion that the 'native/ sulphur has 
been formed by the reduction of the gypsum by organic matter and 
that its occurrence is only indirectly connected with volcanic agencies 
Near Tetush, on the Volga, there are beds containing gypsum, sulphur, 
and asphalt (mineral tar). In Europe the most important deposits of 
sulphur are in the south of Sicily from Catania to Girgenti. 3 There 
are very rich deposits of sulphur in Daghestan near Cherkai and 
Cherkat in Khyut, near Mount Kanabour-bam near Petrovsk, and 
in the Kira Koumski steppes in the Trans-Caspian provinces, which 
are able to supply the whole of Russia with this mineral. Abundant 
deposits of sulphur have also been found in Eamtchatka in the neigh- 
bourhood of the volcanoes. The method of separation of the sulphur 
from its earthy impurities is based on the fact that sulphur melts when 
it is heated. The fusion is carried on at the expense of a portion of 
the sulphur, which is burnt, so that the remainder may melt and run 
from the mass of the earth. This is carried on in special furnaces 
called calcaroni, built up of unhewn stone in the neighbourhood of the 



5 When in Sicily, I found, near Caltanisetta, a specimen of sulphur with mineral tar. 
In the same neighbourhood there are naphtha springs and mud volcanoes. It may be 
that these substances have reduced the sulphur from gypsum. 

The chief proof in favour of the origin of sulphur from gypsum is that in treating the 
deposits for the extraction of the sulphur.it is found that the proportion of sulphur 
to calcium carbonate never exceeds that which it would be had they both been derived 
from calcium sulphate. 

4 Naturally only those ores of sulphur which contain a considerable amount of sulphur 
can be treated by this method. With poor ores it is necessary to have recourse to die* 
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Sulphur is punned by distillation in special retorts (see fig. 86) by 
passing the vapour into a chamber G built of stone. The first portions 
of the vapour entering into the condensing chamber are condensed 
straightway from the vapour into a solid state, and form a fine powder | 




Flo. 88.— Refining sulphur by sublimation. 

known as flowers of sulphur.* But when the temperature of the 
receiver attains the melting point of sulphur, it passes into a liquid 

tiUation or mechanical treatment in order to separate the sulphur, but its price is so low 
that this method in most cases is not profitable. 

The sulphur obtained by the above-described method still contains some impurities, 
but it is frequently made use of in this form for many purposes, and especially in con- 
siderable quantities for the manufacture of sulphuric acid, and for strewing over grapes. 
For other purposes, and especially in the preparation of gunpowder, a purer sulphur is 
required. Sulphur may be purified by distillation. The crude sulphur is called rou0\ 
and the distilled sulphur refined. The arrangement given in fig. 86 is employed for 
refining sulphur. The rough sulphur is melted in the boiler d, and as it melts it is run 
through the tuber F into an iron retort B heated by the uaked flame of the furnace. 
Here the sulphur is converted into vapour, which passes through a wide tube into the 
chamber G, surrounded by stone walls and furnished with a safety-valve 8. 

* Flowers of sulphur always contain a certain amount of the oxides of sulphur. 
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state and is cast into moulds (like sealing wax), and is then known 
under the name of roll sulphur. 9 

In an uncombined state sulphur exists in several modifications, and 
forms a good example of the facility with which an alteration of proper- 
ties can take place without a change of composition — that is, as regards 
the material of a substance. Common sulphur has the well-known 
yellow colour. This colour fades as the temperature falls, and at — 50° 
sulphur is almost colourless. It is very brittle, so that it may be easily 
converted into a powder, and it presents a crystalline structure, which, 
by the way, shows itself in the unequal expansion of lumps of sulphur 
by heat. Hence when a piece of sulphur is heated by the warmth of 
the hand, it emits sounds and sometimes cracks, which probably also 
depends on the bad heat-conducting power of this substance. It is easily 
obtained in a crystalline form by artificial means, because although 
insoluble in water it dissolves in carbon bisulphide, and in certain oils. 7 
Solutions of sulphur in carbon bisulphide when evaporated at the 
ordinary temperature yield well-formed transparent crystals of sulphur 
in the form of rhombic octahedra, in which form it occurs native. The 
specific gravity of these crystals is 2 045. Fused sulphur, cast into 
moulds and cooled, has, after being kept a long time, a specific gravity 
2*066 , almost the same as that of the crystalline sulphur of the above 
form, which shows that common sulphur is the same as that which 

6 Sulphur may be extracted by various other means. It may be extracted from iron 
pyrites, FeS 2 , which is very widely distributed in nature. From 100 parts of iron pyrites 
about half the sulphur contained, namely, about 25 parts, may be extracted by heating 
without the access of air, a lower sulphide of iron, which is more stable under the action 
of heat, being left behind. Alkali waste (Chapter XII.), containing calcium sulphide and 
gypsum, CaS0 4 , may be used for the same purpose, but native sulphur is so cheap that 
recourse can only be had to these sources when the calcium sulphide appears as a worth- 
less bye-product. The most simple process for the extraction of sulphur from alkali 
waste, in a chemical sense, consists in evolving sulphuretted hydrogen from the calcium 
sulphide by the action of hydrochloric acid. The sulphuretted hydrogen when burnt 
gives water and sulphurous anhydride, which reacts on fresh sulphuretted hydrogen 
with the separation of sulphur. The combustion of the sulphuretted hydrogen may be 
so conducted that a mixture of 2H 3 S and SO t is straightway formed, and this mixture 
will deposit sulphur (Chapter XII., Kote 14). Gossage and Chance treat alkali waste 
with carbonic anhydride, and subject the sulphuretted hydrogen evolved to incomplete 
combustion ^(this is best done by passing a mixture of sulphuretted hydrogen and air, 
taken in the requisite proportion*, over red hot .ferric oxide), by which means water and 
the vapour of sulphur are formed : H ,S + O = H.,0 + S. 

7 One hundred parts of liquid carbon bisulphide, CS 2 , dissolve 16*5 parts of sulphur 
at -11°, 24 parts at 0°, 37 parts at 15°, 46 parts at 22°, and 181 parts at 55°. The 
saturated solution boils at 55°, whilst pure carbon bisulphide boils at 47°. The solution 
of sulphur in carbon bisulphide reduces the temperature, just as in the solution of salts 
in water. Thus the solution of 20 parts of sulphur in 50 parts of carbon bisulphide at 
22° lowers the temperature by 5° ; 100 parts of benzene, CfiH^, dissolves 0*965 pert of 
sulphur at 26°, and 4*377 parts at 71° ; chloroform, CHClj, dissolves 1*2 part of sulphur 
at 22°, and 16*35 parts at 174°. - 
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Crystallises in octahedra. The specific heat of octahedral sulphur is? 
0'17 ; it melts- at 114°, and forms a bright yellow mobile liquid. On 
further heating,' the fused sulphur undergoes an alteration, which we 
shall presently describe, first observing that the above octahedral state 
of sulphur is its most stable form. Sulphur may be- kept at the ordi-' 
nary temperature in this form for an indefinite length of time, and 
many other modifications of sulphur pass into this-form after being left, 
for a certain time at ordinary temperature. 

If sulphur be melted and then slightly cooled, so that it forms ay 
crust on the surface and over the sides of the crucible, while the| 
internal mass remains liquid, then the sulphur takes another crystal-! 
line form as it solidifies. This may be seen by breaking the crust, and 
pouring out the remaining molten sulphur. 8 It is then found that the 
sides of the crucible are covered with prismatic crystals of the mono-, 
clinic system ; they have a totally different appearance from the above- 
described crystals of rhombic sulphur. The prismatic crystals are 
brown, transparent, and less dense than the crystals of rhombic 
sulphur, their specific gravfty being only 1*93, and their melting point 
higher — about 120°. These crystals of sulphur carrziot be kept at 
the ordinary temperature, which is indeed evident from the fact that 
in time they turn yellow ; the specific gravity also changes, and they 
pass completely into the ordinary modification. This is accompanied 
by a considerable development of heat, so that the temperature of the 
mass may rise 12°. Thus sulphur is dimorphous— that is, it exists in 
two crystalline forms, and in both forms it has independent physical 
properties. However, .no chemical reactions are known which distin- 
guish the two modifications of sulphur, just as there are none dis- 
tinguishing aragonite from calcspar. 9 

If molten sulphur be heated to 158° it loses its mobility and 
becomes thick and very dark-coloured, so that the crucible in which it 

8 If the experiment be made in a vessel with a narrow capillary tube, the sulphur 
fuses at a lower temperature (occurs, as it were, in a supersaturated state), and solidifying 
at 90°, appears in a rhombic form (Schiitzenberger). 

If sulphur be cautiously melted in a U tube immersed in a salt bath,, and then 
gradually cooled, it is possible for all the sulphur to remain liquid at 100°. It will now 
be in a state of superfusion ; thus also by careful refrigeration water may be obtained in» 
a liquid state at — 10°, and a lump of ice then causes such water to form ice, and 
the temperature rises to 0° If a prismatic crystal of sulphur be thrown into one branch 
of the U tube containing the liquid sulphur at 100°, and an octahedral crystal be thrown 
into the other branch, then, as Gernez showed, the sulphur in each branch will crystal- 
lise in the corresponding form, and both forms are obtained at the same temperature ; 
therefore it is not the influence of temperature only which causes the molecules of 
sulphur to distribute themselves in one or another form, but also the influence of the ' 
crystalline parts already formed. This phenomenon is essentially analogous to tha 
phenomena of supersaturated solutions. 
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is heated may be inverted without the sulphur. running out. When 
heated above this temperature the sulphur again becomes liquid, and 
at 250° it is very mobile, although it does not acquire its original 
colour, and at 440° it boils. These modifications in the properties of 
sulphur depend not only on the variations of temperature, but also on 
a change of structure. If sulphur, heated tc about 350°, be poured in 
a thin stream into cold water, it does not solidify into a solid mass, but 
retains its brown colour and remains soft, may be stretched out into 
threads, and is elastic, like guttapercha. But in this soft and ductile 
state, also, it does not remain for a long time. After the lapse of a 
certain period this soft transparent sulphur hardens, becomes opaque, 
passes into the ordinary yellow modification of sulphur, and in so doing 
develops heat, just as in the conversion~of the prismatic into the octa- 
hedral variety. The soft sulphur is characterised by the fact that a 
certain portion of it is insoluble in carbon bisulphide. When soft sul- 
phur is immersed in this liquid, only a portion x>f common sulphur 
passes into solution, whilst a certain portion is quite insoluble and 
remains so for a long time. The maximum proportion of insoluble 
sulphur is obtained by heating slightly above 170°. It melts at 114° 
An exactly similar insoluble amorphous sulphur t is obtained inr certain 
reactions in the wet way, when sulphur separates out from solutions.' 
Thus sodium thiosulphate, Na 2 S 2 3 , when treated with acids, gives a 
precipitate of sulphur, which is insoluble in carbon bisulphide. The 
action of water on sulphur chloride also gives a similar modification of 
sulphur. Certain sulphides, when treated with nitric acid, also yield 
sulphur in this form. 10 

10 A certain amount of insoluble sulphur remains for a long time in the mass of soft 
sulphur, changing into the ordinary variety. Freshly-cooled soft sulphur contains about 
one-third of insoluble sulphur, and after the lapse of two years it still contains about 
15 p.c. Flowers of sulphur, obtained by the rapid condensation of sulphur from a state 
of vapour, also contains a certain amount of insoluble sulphur. Rapidly distilled and 
condensed sulphur also contains some insoluble sulphur. Hence a certain amount of 
insoluble sulphur is frequently found in roll sulphur. The action of light on a solution 
of sulphur converts a certain portion into the insoluble modification. Insoluble sulphur 
is of a lighter colour than the ordinary variety. It is best prepared by vaporising sulphur 
in a stream of carbonic anhydride, hydrochloric acid, <fec, and collecting the vapour in 
cold water. When condensed in this manner it is nearly all insoluble in carbon bisul- 
phide. It then has the form of hollow spheroids, and is therefore lighter than the 
common variety : sp. gr. 1*82. An idea of the modifications taking place in sulphur 
between 110° and 250° may be formed from the fact that at 150° liquid sulphur has a 
coefficient of expansion of about 00005, whilst between 150° and 250° it is leas than 
0-0008. 

Engel (1891), by decomposing a saturated solution of hyposulphite of sodium (Note 49) 
with HCl in the cold (the sulphur is not precipitated directly in this case), obtained, after 
shaking up with chloroform and evaporation, crystals of sulphur (sp. gr. 2185), which, titer 
several hours, passed into the insoluble (in CS?) state, and in so doing became opaque, 
and increased in volume. But if a mixture of solution of Na^S^Oj and HCl be allowed to 
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At temperatures o£ 440° to 7W° the vapour density of sulphur is 
66 referred to air— i.e. about 96 referred to hydrogen^ Hence, at 
these temperatures the molecule of sulphur contains six atoms ; it has 
the composition S 6 . The agreement between the observations of Dumas, 
Mitscherlich, Bineau, and Deville confirms the accuracy of this result. 
But in this respect the properties of sulphur were found to be variable. 
When heated to higher temperatures, that is to say, above 800°, the 
vapour density of sulphur is found to be one-third of this quantity, i.e. 
about 32 referred to hydrogen. At this 'temperature the molecule of 
mlphur, like that of hydrogen, oxygen, nitrogen, and chlorine, contains 
two atoms ; hence the molecular formula is then S,. This variation in 
the vapour density of sulphur evidently corresponds "with a polymeric 
modification, and may be likened to the transformation of ozone, 3 , 
into oxygen, 2 , or. better still, of benzene, C 6 H 6 , into acetylene, 



stand, it deposits sulphur, which, after sufficient washing, is able to. dissolve in water 
(like the colloid varieties of the metallic sulphides, alumina, boron, and silver), but this 
.colloid solution of sulphur soon deposits sulphur insoluble in CS 9 . 

When a solution of sulphuretted hydrogen in water is decomposed by an electric 
current the sulphur is deposited on the positive pole, and has therefore an electro- 
negative character, and this sulphur is soluble in carbon bisulphide* When a solution 
of sulphurous acid is decomposed in the same manner, the sulphur is deposited on the 
negative pole, and is therefore electro-positive, and the sulphur so deposited is insoluble 
in carbon bisulphide. The sulphur which is combined with. metals must have the pro- 
perties of the sulphur contained in sulphuretted hydrogen, whilst the sulphur combined 
with chlorine is like that which is combined wit^h oxygen in sulphurous anhydride. 
Hence Berthelot recognises the presence of soluble sulphur in metallic sulphides, and of 
the insoluble modification of amorphous sulphur in sulphur chloride. Cloez showed that 
the sulphur precipitated from solutions is either soluble or insolublo, according to 
whether it separates from an alkaline or acid solution. If sulphur be melted with, 
a small quantity of iodine or bromine, then on pouring out the molten mass it forms 
amorphous sulphur, which keeps so for a very long time, and is insoluble, or nearly so, in 
carbon bisulphide. This is taken advantage of in casting certain articles in sulphur, 
which by this means retain their tenacity for a long time ; for example, the discs of 
electrical machines. 

11 Here, however, it is very important to remark that both benzene and acetylene 
can exist at the ordinary temperature, whilst the sulphur molecule S 2 only exists at high 
temperatures ; and if this sulphur be allowed to cool, it passes first into S 6 and then into 
a liquid state. Were it possible to have sulphur at the ordinary temperature in both the 
above modifications, then in all probability the sulphur in the state S? would present 
totally different properties from those which it has in the form 8 8 , just as the properties 
of gaseous acetylene are far from being similar to those of liquid benzene. Sulphur, in 
the form of 8 2 , is probably a substance which boils at a much lower temperature than 
the variety with which we are now dealing. Paterno and Nasini (1888), following the 
method of depression or fall of the freezing-point in a benzene solution, found that the 
molecule'of sulphur in solution contains S ft . 

One must here call attention to the fact that sulphur, with all its analogy to 
oxygen (which also shows itself in its faculty to give the modification 8,), is also able 
to give a series of compounds containing more atoms of sulphur than the analogous oxy- 
gen compounds do of oxygen. Thus, for instance, compounds of 5 atoms of sulphur with 
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In its faculty for combination, sulphur most closely resembles oxygen 
and chlorine; like them, it combines with nearly all elements, with 
the development of heat and light, forming sulphur compounds, but 
as a rale this only takes place at a high temperature. At the ordinary 
temperature it does not enter into reactions, owing, amongst other 
things, to the fact that it is a solid. In a molten state it acts on most 
metals and on the halogens. It burns in air at about 300°, and with 
carbon at a red heat, but it does not combine with nitrogen. 

Fine wires, or the powders of the greater number of metals, burn in 
the vapour of sulphur. The direct combination of hydrogen with sul- 
phur is restricted by a limit — that is, at a given temperature and under 
other given conditions it does not proceed unrestrictedly , there is no 
explosion or recalescence. Sulphuretted hydrogen, H,S, decomposes at 
its temperature of combination — that is, it is easily dissociated. 11 The 
same phenomenon is repeated here as with water, except that the tem- 
peratures at which the attraction of hydrogen for sulphur begins and 
ceases are much lower than in the case of oxygen and hydrogen^ The 
temperature at which combination takes place is here, as in many other 
instances, nearly the same as that at which dissociation begins. Hence 
sulphuretted hydrogen is formed in a small quantity by the direct 
ignition of a mixture of the vapour of sulphur and hydrogen. How- 
ever, the temperature must not be high, because otherwise the whole 
of the sulphuretted hydrogen is decomposed ; but at lower temperatures 
a small amount of sulphuretted hydrogen is formed by direct combina- 
tion. 18 Sulphuretted hydrogen however, like all other hydrogen com- 

1 atom of barium, BaS 5 , are known, whereas with oxygen only BaO, is known. On every 
side one cannot but see in sulphur a faculty for the union of a greater number of atom* 
than with oxygen. With oxygen the form of ozone, 3 , is very unstable, the stable form 
is 2 ; whilst with sulphur S 6 is the stable form, and S? is exceedingly unstable. Further- 
more, it is remarkable that sulphur gives a higher degree of oxidation, H^SO*, correspond- 
ing, as it were, with its complex composition, if we suppose that in 8^ four atoms of sulphur 
are replaced by oxygen and one by two atoms of hydrogen. The formula of its compounds, 
K2SO4, KoS>0 : „ K 2 S 5 , BaS 5 , and many others, have no analogues among the compounds 
of oxygen. They all correspond with the form S 6 (one portion of the sulphur being 
replaced by oxygen and another by metals), which is not attained by oxygen. In this 
faculty of sulphur to hold many atoms of other substances the same forces appear which 
cause many atoms of sulphur to form one complex molecule. 

11 In the formation of potassium sulphide, K 2 S (that is, in the combination of 92 
parts of sulphur with 78 parts of potassium), about 100 thousand heat units are deve- 
loped. Nearly as much beat is developed in the combination of an equivalent quantity 
of sodium ; about 90 thousand heat unit s in the formation of calcium or strontium sul- 
phide ; about 40 thousand for zinc or cadmium sulphide, and about 20 thousand for iron, 
cobalt, or nickel sulphide. Less heat is evolved in the combination of sulphur with 
copper, lead 4 , and silver. According to Thomsen, sulphur develops heat with hydrogen 
in solutions. The reaction L.,Aq,H.S = 21,830 calories. But, as the reaction Lj + Ht+Aq 
develops 26,842 calories, it follows that the reaction H,+8 develops 4,512 calories. 

13 II sulphur be melted in a flask and heated nearly to its boiling potni, m 



Digitized by 



Google 



SULPHUR, SELENIUM, AND TELLURIUM 209 

pounds, may be easily obtained by the double decomposition of its corre- 
sponding metallic compounds, the replacement of the metal by hydrogen 
being effected by the action of acids on the sulphides. The metallic sul- 
phides are, as a rule, easily formed. A sulphide, when mixed with a non- 
volatile acid, may give, by double decomposition, a salt of the acid taken 
and sulphuretted hydrogen, M a S -t- H 2 S0 4 =H 2 S + M 2 S0 4 . However, it 
is not all sulphides nor solutions of all acids that will evolve sulphuretted 
hydrogen, which fact is exceedingly characteristic, because, for example, 
all carbonates evolve carbonic anhydride when treated with any acid. 
Sulphuric acid will only evolve sulphuretted hydrogen from those sul- 
phides which contain a metal capable of decomposing the acid with the 
evolution of hydrogen. Thus zinc, iron, calcium, magnesium, manganese, 
potassium, sodium, <fcc., • form sulphides which evolve sulphuretted 
hydrogen when treated with sulphuric acid, and the metals themselves 
evolve hydrogen with acids. 14 The sulphides of those metals which do 
not liberate hydrogen from acids do not generally act on acids — that is, 

Lidoff showed, the addition, drop by drop (from a funnel with a stopcock) of heavy (0*9) 
naphtha oil (of lubricating oleonaphtha), &c, is followed by a regular evolution of sul- 
phuretted hydrogen. This is analogous to the action of bromine or iodino on paraffin 
and other oils, because hydrobromic or hydriodio acid is then formed (Chapter XI.) 
A certain amount of hydrogen sulphide is even formed when sulphur is boiled with water. 

14 However, the matter is really much more complicated. Thus zinc sulphide evolves 
sulphuretted hydrogen with sulphuric or hydrochloric acids, but does not react with 
acetic acid and is oxidised by nitric acid. Ferrous sulphide evolves sulphuretted hydro- 
gen with acids, whilst the bisulphide, FeS?, does not react with acids of ordinary strength. 
This absence of action depends, among other things, on .the form in which the native 
iron pyrites occurs ; it is a crystalline, compact, and very dense substance ; and acids in 
general react with great difficulty on such metallic sulphides. This is seen very clearly 
in the case of sine sulphide ; if this substance is obtained by double decomposition, it 
separates as a white precipitate, which evolves sulphuretted hydrogen with great ease 
when treated with acids. Zino sulphide is obtained in the same form when sine is fused 
with sulphur, but native zinc sulphide — which occurs in compact masses of zinc blende, 
and has a metallic lustre — is not decomposed or scarcely decomposed by sulphuric acid. 

Another source of complication in the behaviour of the metallic sulphides towards 
acids depends on the action of water, and is shown in the fact that the action varies 
with different degrees of dilution or proportion of water present. The best known 
example of this is antimonious sulphide, Sb.^S-, for strong hydrochloric acid, contain- 
ing not more water than corresponds with HCl,6H a O, even decomposes native anti- 
mony glance, with evolution of sulphuretted hydrogen, whilst dilute acid has no action, 
and in the presence of an excess of water the reaction 2SbCl 3 + SH,S = SbjSj + 6HCI 
occurs, whilst in the presence of a small amount of water the reaction proceeds in 
exactly the opposite direction. Here the participation of water in the reaction and its 
affinity are evident. 

The facts that lead sulphide is insoluble in acids, that zinc sulphide is soluble in 
hydrochloric acid but insoluble in acetic acid, that calcium sulphide is even decomposed 
by carbonic acid, &c. — all these peculiarities of the sulphides are in correlation with the 
amount of heat evolved in the reaction of the oxides with hydrogen sulphide and with 
acids, as is seen from the observations of Favre and Silberman, and from the comparisons 
made by Berthelot in the Proceedings of the.Paris Academy of Sciences, 1870, to which 
we refer the reader for further details. 
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\l do not form sulphuretted hydrogen with them ; such are, for example, 

•*, the sulphides of lead, silver, copper, mercury, tin, «fec Therefore, the 

* modus operandi of the formation of sulphuretted hydrogen by the action 

of acids on metallic sulphides may be looked on as a phenomenon of the 
combination of hydrogen, at the moment of its evolution, with the sul- 
phur, which is combined with the metal. Such a representation is all 
the more simple as all the circumstances under which sulphuretted 
hydrogen is formed are exactly similar to the conditions of the forma- 
tion of hydrogen itself. Thus the usual mode of preparing sulphuretted 
hydrogen is by the action of sulphuric acid on ferrous sulpJiide? in 
which the same apparatus and method are employed as in the prepara- 
tion of hydrogen, only replacing the metallic iron or zinc by ferrous 
sulphide or zinc sulphide. The reaction between sulphide of iron and 
sulphuric acid takes place at the ordinary temperature, and is accom- 
. t panied by just as small a development of heat as in the liberation of 

hydrogen itself, FeS + H,S0 4 =FeS0 4 + H,S. 15 
, In nature sulphuretted hydrogen is formed in many way a The 

most usual mode of its formation is by the decomposition of albu- 
minous substances containing sulphur, as mentioned above. Another 
method is by the reducing action of organic matter on sulphates, 
and by the action of water and carbonic acid on the sulphides formed 
by this reduction. Volcanic eruptions are a third source of sulphuretted 
hydrogen in nature Although sulphuretted hydrogen is formed in 
small quantities everywhere, it nevertheless soon disappears from the 
atmosphere, owing to its being easily decomposed by oxidising agencies. 
Many mineral waters contain sulphuretted hydrogen, and smell of it ; 
they are called 'sulphur waters.' 

Sulphuretted hydrogen, at the ordinary temperature, is a colourless 
gas, having a a very unpleasant odour. It has, as its composition H a S 
shows, a specific gravity seventeen times greater than hydrogen, and 

15 Ferrous sulphide is formed by heating a piece of iron to an incipient white heat, 
~ and then removing it from the furnace and bringing it into contact with a piece of 

sulphur. Combination then proceeds, accompanied by the development of heat, and the 
ferrous sulphide formed fuses. The sulpiride of iron thus formed is a black, eeaily- 
■^ fusible substance, insoluble in water. When damp it attracts oxygen from the air, and 

is converted into green vitriol, FeSO^. If all the iron does not combine with the sulphur 
in the method described above, the action of sulphuric acid will evolve hydrogen as well 
as hydrogen sulphide. 

We will not describe the details of the preparation of sulphuretted hydrogen 
employed as a reagent' in the laboratory, because, in the first place, the methods are 
essentially the same as in the preparation of hydrogen, and, in the second place, because 
the apparatus and methods employed are always described in text-books of analytical 
chemistry. Ferroua sulphide may be advantageously replaced by calcium sulphide or a 
mixture of calcium and magnesium sulphides. A solution of magnesium hydrosnlphide, 
MgS.H^S, is very convenient, as at 60° it evolves a stream of pure hydrogen sulphide. A 
paste, consisting of CuS with crystals of MgCl 3 and water, may alto be employed, smo* 
it only evolves H*S when heated (Habermann), 
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therefore it is lomewhat heavier than air. Sulphuretted hydrogen lique- 
Jies at about —74°, and at the ordinary temperature when subjected to a 
pressure of 10 to 15 atmospheres ; at - 85° it is converted into a solid 
crystalline mass. 15bia The easy liquefaction of sulphuretted hydrogen 
is evidently allied to its solubility. One volume of water at 0° dis- 
solves 4*37 volumes of sulphuretted hydrogen, at 10° 358 volumes, 
and at 20° 2*9 volumes. 16 The solutions impart a very feeble red 
coloration to litmus paper. This gas is poisonous. One f)art in fifteen 
hundred parts of air will kill birds. Mammalia die in an atmosphere 
containing ,^ of this gas. 

Sulphuretted hydrogen is very easily decomposed into its component 
parts by the action of heat or a series of electric sparks. Hence it is 
not surprising that sulphuretted hydrogen undergoes change under the 
action of many substances having a considerable affinity for hydrogen 
and oxygen. Very many metals l7 evolve hydrogen with sulphuretted 
hydrogen, so that in this respect it presents the property of an acid ; for 
instance, 2H 2 S + Sn= 2H 2 + SnS 2 . This may be taken advantage of for 
determining the composition of sulphuretted hydrogen, because a given 
volume then leaves the same volume of hydrogen. On the other hand, 
oxygen, 18 chlorine, 19 and even iodine decompose sulphuretted hydrogen, 

15 bh Liquid sulphuretted; hydrogen is most easily obtained by the decomposition of 
hydrogen polysulphide*, which' we shall presently describe, by the action of hjat, and in 
the presence of a small amount of water. If poured into a bent tube, like that described 
for the liquefaction of ammonia (Chapter VI.), the hydrogen polysulphide is decomposed 
by heat, in the presence of water, into sulphur and sulphuretted hydrogen, which con* 
denses in the cold end of the tube into a colourless liquid. 

10 Sulphuretted hydrogen is still more soluble in alcohol than in water ; one volume 
at the ordinary temperature dissolves as much as eight volumes of the gas. The solu- 
tions in water and alcohol undergo change, especially in open vessels, owing to the fact 
that the water and alcohol dissolve oxygen from the atmosphere, which, acting on the 
sulphuretted hydrogen, forms water and sulphur. The solution may be so altered in 
this manner that every trace of sulphuretted hydrogen disappears. Solutions of sul- 
phuretted hydrogen in glycerine change much more slowly, and may therefore be kept for 
a long time as reagents. De Forcrand obtained a hydrate, H 2 S,16H 3 0, resembling the 
hydrates given by many gases. 

17 Some metals evolve hydrogen from sulphuretted hydrogen at the ordinary tem- 
perature. For example, the light metals, and copper and silver (especially with the 
access of air?) among the heavy metals. Hence articles made of silver turn black in the 
presence of vapours containing sulphuretted hydrogen, because silver sulphide is black. 
Zinc and cadmium act at a red heat, but not completely. 

19 If sulphuretted hydrogen escapes from a fine orifice into the air, it will burn when 
lighted, and be transformed into sulphurous anhydride and water. But if it burns in a 
limited supply of air — for instance, when a cylinder is filled with it and lighted— then only 
the hydrogen burns, which has, judging from the amount of heat developed in its com; 
bustion and from all its properties, a greater affinity for oxygen than sulphur. In this 
respect the combustion of sulphuretted hydrogen resembles that of hydrocarbons. 

19 Hence bleaching powder and chlorine destroy the disagreeable smell of sul- 
phuretted hydrogen. (For the reaction of hydrogen sulphide and iodine, see Chapter 
XI. p. 604.) 

*10 



S 



Digitized by 



Google 



212 PRINCIPLES OF CHEMISTRY 

removing the hydrogen from it and leaving free sulphur, so that in 
this reaction the sulphur is replaced by the above-named elements ; for 
example, H 2 S + Br 8 =2BLBr+S. In no other hydrogen compound is 
it so easy to show the substitution, both of hydrogen and of the ele- 
ment combined with it, as in hydrogen sulphide. This clearly proves 
the feeble union between the elements forming this gas. Compounds 
containing a considerable amount of oxygen, with which they easily 
part, can accomplish the separation of the sulphur very easily. Such 
are, for instance, nitrous acid, chromic acid, and even ferric oxide and 
the higher oxides like it. Thus, if sulphuretted hydrogen be passed 
into a solution of chromic acid or an acid solution of ferric oxide, 
water is formed, and tlu sulphur is separated in a free state. Thus, 
sulphuretted hydrogen acts as a reducing agent, in virtue of the hydro- 
gen it contains. Salts of iodic, chlorous, chloric, and other acids arc 
reduced by sulphuretted hydrogen, their oxygen acting mainly on its 
hydrogen , but in the presence of an excess of a powerful oxidising 
agent a portion of the sulphur may also be oxidised to sulphurous 
anhydride. The reducing action of sulphuretted hydrogen is frequently 
applied in chemical manipulations for the preparation of lower oxides, 
and for the conversion of certain oxygen compounds into hydrogen 
compounds , thus, the higher oxides of nitrogen are converted into 
ammonia by it, and in the presence of alkalis the nitro-com pounds are 
converted into ammonia derivatives. The reaction of sulphuretted 
hydrogen on sulphurous anhydride belongs to this class of pheno- 
mena, the chief products of which are sulphur and water, 2H 2 S + SO, 
=2H 2 + S 3 . 

The acid character of sulphuretted hydrogen is clearly seen in its 
action on alkalis and salts. 19 bU Thus lead oxide and its salts in 
the presence of sulphuretted hydrogen form water or an acid, and sul- 
phide of lead : PbX 2 +-H 2 S=PbS + 2HX. This reaction takes place 
even in the presence of powerful acids, because lead sulphide is one of 
those sulphides which are unacted on by acids, and in solutions the 
reaction is a complete one. This reaction is taken advantage of for 
the preparation of many acids, by first converting into a lead salt, and 
then submitting this salt to the action of sulphuretted hydrogen. For 
example, lead formate with sulphuretted hydrogen gives formic acid. 
Sulphuretted hydrogen in acting on a number of metallic acid substances 
in solution or in an anhydrous state also forms corresponding^sulphates : 
(1) if it does not reduce the acid ; (2) if the sulphur compound corre- 
sponding with the anhydride of the acid be insoluble in water, the 

19 bu Perfectly dry H 2 S (Hughes 1892) has no action upon perfectly dry salts, just a* 
dry HC1 does not react with dry NH 3 or metals (Chapter DC., Note 29). 
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motion proceeds in solutions , (3) if the sulphuretted hydrogen and the 
acid taken do not come in contact with an alkali, on which they would 
be able to act first ; and (4) if the sulphur compound be not decomposed 
by water. Thus solutions of arsenious acid give a precipitate oL 
arsenious sulphide, As 2 S 3> with sulphuretted hydrogen. This reaction! 
proceeds not only in the presence of water, but also of acids, because 
the latter do not decompose the resultant sulphur compounds. The 
type of the decomposition is the same as with bases— that is, the 
sulphur and oxygen change places : RO„ + nH 2 S = RS„ + nH 2 0. Some 
sulphides corresponding with acid anhydrides are decomposed by 
water, and therefore are not formed in the presence of water. Such, 
for example, are the sulphides of phosphorus. 20 

The metallic sulphides corresponding with the metallic'' oxides 
have either a feeble alkaline or a feeble acid character, according to 
the character of the corresponding oxide, and therefore by combining 

" The sulphide P 4 8 is obtained by cautiously fusing the requisite proportions of 
! common phosphorus and sulphur under water ; it is a liquid which solidifies at 0°, and 
•may be distilled without undergoing change, but it fumes in air and easily takes fire. The 
higher sulphide, P 2 8, has similar properties. But little heat is evolved in the formation 
of these compounds, and it may be supposed that they are formed by the direct conjunc- 
tion of whole molecules of phosphorus and sulphur ; but if the proportipn of sulphur be 
increased, the reaction is accompanied by so considerable a rise of temperature that an 
explosion takes place, and for the sake of safety red phosphorus must be used, mixed 
as intimately as possible with powdered sulphur and heated in an atmosphere of carbonio 
anhydride. The higher compounds are decomposed by water. By increasing the pro- 
portion of sulphur, the following compounds have been obtained : P 4 S 5 as prisms -(fuse* 
mi 166°, Rebs), soluble in carbon bisulphide, and unaltered by air and water ; phosphoruB 
trisulphide, ¥<$& is the analogue of P 2 0, ; it is a light yellow crystalline compound 
only slightly soluble in carbon bisulphide, fusible and volatile, decomposed into hydro- 
gen sulphide and phosphorous acid by water, and, like the highest compound of 
sulphur and phosphorus, P 2 S 5 , it forms thio- salts with potassium sulphide, &o. This 
pkofphortupentasulphide corresponds with phosphoric anhydride; like the trisulphide is 
gives hydrogen sulphide and phosphoric acid with an excess of water. It reacts in many 
respects like phosphoric chloride. The sulphide PS 2 is also known ; the vapour density 
of this compound seems to indicate a molecule ¥384. 

Phosphorus $ulphochloride t PSCI5, corresponds with phosphorus oxychloride. It is 
a colourless, pleasant-smelling liquid, boiling at 124°, and of sp. gr. 1*68 ; it fumes in sir 
and is decomposed by water: PSC1 5 + 41^0 = PH3O4 ♦ H^a + 8HC1. It is obtained 
when phosphoric chloride is treated with hydrogen sulphide, hydrochloric acid being also 
formed ; it is also produced by the action of phosphoric chloride on certain sulphides — for 
example, on antimonious sulphide, also by the (cautious) action of phosphorus on sulphur 
chloride : 2P -1- 83,01, » 0PSC1 5 + 4S, by the action of PC1 8 upon certain sulphides, for 
-example, 80,83, by the reaction : 8MC1 + P,9 5 = P8CI3 -1- M5P84 (Olatzel, 1698), and in the 
reaction 8PCI5 + 80C1, « PC1 5 + POCI3 + PSClj, showing the reducing action of phos- 
phorus trichloride, which is especially clear in the reaction 80$ + PC1 3 = 80 2 + POClj. 
Thorpe and Rodger (1889), by heating 8PbF 2 or BiF 5 with phosphorus pentasnlphide 
(and also by heating AsF s and PSCI3 to 160°), obtained thiophosphoryl fluoride as a 
colourless, spontaneously inflammable gas ($ee further oh, Note 74 bis, and Chapter XTX ., 
Note 85). The action of P8CI3 upon NaHO gives a salt of monothiophosphorio acid 
(Wilrtz, Kubierschky), H3PSO3, which gives soluble salts of the alkalis 
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together they are able to form saline, substances—that is, salts in 
which the oxygen is replaced by sulphur. Thus sulphuretted hydrogen 
having the properties of a feeble acid 91 has, at the same time, the 
properties of water, and forms the type of the sulphur derivatives, 
which may also be formed by means of sulphuretted hydrogen, just as 
the oxides may be formed by the aid of water. But as sulphuretted 
hydrogen has acid properties, it combines more easily with the basic 
metallic sulphides. Hence, for instance, there exists a compound 
of sulphuretted hydrogen with potassium sulphide, potassium hydro - 
sulphide, 2KHS=K 2 S + H 2 S, just as there are potassium hydroxides ; 
but there are scarcely any compounds of sulphuretted hydrogen with 
the sulphides corresponding with acids. Thus the sulphides of thd 
metals may be Tegarded either as salts of sulphuretted hydrogen or as 
oxides of the metals in which the oxygen is replaced by sulphur. In 
general terms the sulphides exhibit the same degrees of difference with 
respect to their solubility in water as do the oxides. Thus the oxides of 
the alkali metals, and of some of the metals of the alkaline earths, are 
soluble in water, whilst those of nearly all the other metals are insoluble. 
The same may be said as to the sulphides ; the sulphides of the metals 
of the alkalis and certain of the alkaline earths are soluble in water, 
whilst those of the other metals are insoluble. Those metals, like alu- 
minium, whose oxides — for example; Al 2 O a — have intermediate pro- 
perties and do not form compounds with feeble acids, at least in a 
wet way, also do not form sulphides by this method, although these 
may be obtained indirectly. And in general the sulphides of the metals 
are easily formed in a wet way, and with particular ease if they, are 

,l Sulphuretted hydrogen does not saturate the alkaline properties of alkali 
hydroxides, so that a solution of potassium hydroxide will not under any circumstance* 
give a neutral liquid with sulphuretted hydrogen. In this case the sulphuretted 
hydrogen forms in solution only an acid salt with the potassium : KHO + H a S 
= KHS + H 3 0. It must be supposed that the normal salt is not formed in the solution 
—that is, that the reaction 2KHO + H?S = K 2 S + 2H 2 does not take place. This ia 
seen from the fact that a development of heat, depending on the formation of potassium 
hydrosulphide, KHS, is remarked when as much hydrogen sulphide is passed into a 
solution of potassium hydroxide as it will absorb. But if a further quantity of potassium 
hydroxide be added to the resultant solution, heat is not developed, whilst if alkali be 
added to potassium acid sulphate or sodium acid carbonate, heat is developed. It must 
not be concluded from this that H a S is a monobasic acid, for here there is a question of the 
decomposing action of water upon K 9 S ; K>S and-H 2 in reacting on each other should 
absorb heat if the reaction of KHS upon KHO evolves heat Furthermore, it must be 
taken into account that potassium oxide, K 3 0, and the anhydrous oxides like it, also do 
not exist in solutions, for whenever they are formed they immediately react with the 
water, forming caustic potash, KHO, <Vc. In the same way, directly potassium sulphide, 
K a 8, is formed in water it is decomposed into potassium hydroxide and hydrosulphide.: 
K*8 -l- H 2 » KHO + KHS. Potassium sulphide, K*8, in a solid state corresponds with 
K 4 0, although neither can exist in solution. 
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insoluble in water. In this case their salts enter into double decom- 
position with sulphuretted .hydrogen, or with- soluble sulphides, and 
give an insoluble sulphide— for instance, a salt of lead gives lead 
sulphide with sulphuretted hydrogen. By the action of sulphuretted 
hydrogen on a salt of a metal, a free acid must be formed besides the. 
metallic sulphide. Thus if a metal M be in a state of combination 
MX* then by the action of sulphuretted hydrogen there will be formed, 
besides MS, 29 an acid 2HX. It is evident that sulphuretted hydrogen' 
will not precipitate an insoluble sulphide from the salts of those metals 
whose sulphides react with free acid, such as zinc, iron, manganese, Ac. 
The reaction FeCl 2 + H 2 S=FeS + 2HCl,and the like, do not take place 
because the acid acts on the ferrous sulphide. Antimonious sulphide 
is not acted on by dilute hydrochloric acid, but it is decomposed by 
strong acid, and therefore in presence of an excess of hydrochloric acid 
antimonious chloride does not entirely react with hydrogen sulphide, 
whilst the reaction 28bCl 3 + 3H 2 S=Sb 2 S 3 + 6HCl is a complete one 
in a dilute solution and with a small quantity of acid. Those metallic 
sulphides which are decomposed by acids may be obtained in a wet way 
by the double decomposition of the salts of the metals, not with hydro- 
gen sulphide, but with soluble metallic sulphides, such as sulphide of 
ammonium or of potassium, because then no free acid is formed, but a 
salt of the metal (potassium or ammonium) which was taken as a 
soluble sulphide. So, for example, FeCl 2 + K,S =FeS + 2KC1. M 

During recent years (beginning with Schulze, 1882) it has been found that many 
metallic sulphides which were considered totally insoluble do, under certain circum- 
stances, form very unstable solutions in water, as already mentioned in Chapter I., 
Note 57. Arsenic sulphide is very easily obtained in the form of a solution (hydrosol). 
Solutions of copper and cadmium sulphides may also be easily obtained by precipitating 
their salts CuX a , or CdX?, with ammonium sulphide, and washing the precipitate; but 
they are re-precipitated by the addition of foreign salts. 

" In reality the preceding reaction should be expressed thus : FeCl 2 + 2KHS 
- FeB + SKC1 -I- H*8 (Note 31), because in the presence of water not K 2 8 but KH8 
reacts. But as the sulphuretted hydrogen takes no part in the reaction, it is usual to 
express the formation of such sulphides without taking the hydrogen sulphide proceeding 
from the potassium or ammonium hydrosulphides into account. It is not usual to employ 
potassium sulphide but ammonium sulphide — or, to speak more accurately, ammonium 
hydrosulphide — in order to avoid the formation of a non- volatile salt of potassium and to 
liave, together with the formation of the sulphide, a salt of ammonium which can always 
be driven off by evaporating the solution and igniting the residue— for instance: 
FeCl* + (NH<)*S - FeS + 2NH4CI. Thus the metallic sulphides may be divided into 
three chief classes: (1) those ioluble in water, (2) those insoluble in water but reacting 
with acid*, and (3) thote insoluble both in water and acid*. The third class may be 
easily subdivided into two groups ; to the first group belong those sulphides which 
correspond with bases or basic oxides, and are therefore unable to play the part of an 
acid with the sulphides of the alkalis, and are insoluble in NR,HS, whilst the sulphides 
of the second group are of an acid character, and give soluble thio-salts with the 
sulphides of the alkaline metals, in which they play the part of an acid. To this group 
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Metallic sulphides may be obtained by many other means besides 
the action of sulphuretted hydrogen on salts and oxides, or by the 
simple combination of metals with sulphur when heated or fused. Thus 
they may also be formed by the reduction of sulphates by heating them 
with charcoal or other means. Charcoal takes up the oxygen from 
many sulphates, leaving corresponding sulphides. Thus sodium sul- 
phate, Na a S0 4 , when heated with charcoal, forms sodium sulphide, 

belong those metals whose corresponding oxides have acid properties. • It must be 
observed, however, that not all metallic acids have corresponding sulphides, partly 
owing to the fact that certain acids are reducible by sulphuretted hydrogen, especially 
when their lower degrees of oxidation are of a basic character. Such are, for instance, 
the acids of chromium, manganese, Arc. Sulphuretted hydrogen converts them into 
lower oxides, having the properties of bases. Those bases which do not combine with 
feeble acids, such as carbonic acid and hydrogen sulphide, give a precipitate of hydroxide 
with ammonium sulphide— for example, aluminium salts react in this manner. This 
difference of the metals in their behaviour towards sulphuretted hydrogen gives a very 
valuable means of separating them from each other, and is taken advantage of in 
analytical chemistry. If, for instance, the metals of the first and third groups occur 
together, it is only necessary to convert them into soluble salts, and to act on the 
solution of the salts with sulphuretted hydrogen ; this will precipitate the metals of the 
third group in the form of sulphides, whilst the metals of the first group will not be in 
the least acted on. Such a method of separating the metals is considered more fully in 
analytical chemistry, and we will therefore limit ourselves here to pointing out to which 
groups the most common metals belong, and the colour which is proper to the sulphide 
precipitated. 

Metals which are precipitated by sulphuretted hydrogen, as sulphides from a solu- 
tion of their salts, even in the presence of free acid : 

The precipitate is soluble in ammonium sulphide : 

Platinum (dark brown) i Antimony (orange) 

Gold (dark brown) Arsenic (yellow) 

Tin (yellow and brown) I 



The precipitate is insoluble in ammonium sulphide : 



Copper (black) 
Silver (black) 
Cadmium (yellow) 



tfercury (black) 
Lead (black) 



Metals which are precipitated by ammonium sulphide from neutural solutions, bul 
not precipitated from acid solutions by sulphuretted hydrogen * 
The sulphide precipitated is soluble in hydrochloric acid : 

Zinc (white) | Manganese (rose colour) ( Iron (black) 

The sulphide precipitated is not soluble in dilute hydrochloric acid 

Nickel (black) | Cobalt (black) 

A hydroxide, and not a sulphide, is precipitated 

Chromium (green) | Aluminium (white) 

The metals of the alkalis and of the alkaline earths are not precipitated either by 
sulphuretted hydrogen or ammonium sulphide. The metals of the alkaline earths when 
in acid solutions in the form of phosphates and many other salts are precipitated by 
ammonium sulphide, because the latter neutralises the free acid, with formation of an 
ammonium salt of the acid and evolution of sulphuretted hydrogen. 
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NajS. Besides which metallic sulphides are also obtained by heating 
metals or their oxides in the vapours of many sulphur compounds — for 
example, in the vapour of carbon bisulphide, CS 2 , when the carbon takes 
up the oxygen and the sulphur combines with the metal. The sulphides 
formed in this manner are often crystalline, and often appear ' with 
those properties and in that crystalline form in which they occur in 
nature. Besides which we must mention that many of the sulphides 
of the metals are oxidised in air at the ordinary, and especially at a* 
higher, temperature, forming either SO a and the oxide of the metal or 
sulphates. This oxidation proceeds with particular ease, even at the 
ordinary temperature, when a metallic sulphide is precipitated from 
its solutions, as a tine powder containing water. The sulphides of iron 
and manganese, «fec., are very easily oxidised in this manner. But if 
these hydrates be ignited, they lose their water (the ignition must be 
carried on in a stream of hydrogen to prevent their oxidation during 
the process), become denser, and are no longer oxidised at the ordinary 
temperature. Those sulphides whose corresponding sulphates are de- 
composed by heat part with their sulphur in the form of sulphurous 
anhydride when they are ignited in air, and the metal, as a rule, 
remains behind as oxide. This is taken advantage of in the treatment 
of sulphurous ores. The process is called roasting. 

Hydrogen not only forms sulphuretted hydrogen with sulphur, but 
it also combines with it in several other proportions, just as it combines 
with oxygen, forming not only water but also hydrogen peroxide. 
Moreover these polysulphides of hydrogen are also unstable, like 
hydrogen peroxide, and are also obtained from the corresponding 
polysulphides of the metals of the alkaline earths, just as hydrogen 
peroxide is obtained from barium peroxide. Thus calcium forms not 
only calcium sulphide, CaS, but also as bi-, tri-, and penta-sulphide, 
CaS a , and all these compounds are soluble in water. Sodium also com- 
bines with sulphur in the same proportions, forming sulphides 1 from 
Na 2 S to Na a S 6 . If an acid be added to a solution of a poly sulphide, 
it gives sulphur, sulphuretted hydrogen, and a salt of the metal. For 
instance, M8 6 + 2HC1 = MCl a + H a S + 4S. If we reverse the opera- 
tion, and pour a solution of a polysulphide into an acid, sulphur is 
not precipitated, but an oily liquid is formed whicjh is heavier than 
water and insoluble in it. This is the polysulphide of hydrogen : 
MS; + 2HCl = MCl t "+ H a S 5 . As Rebs showed (1888), whatever 
polysulphide be taken— of sodium, for instance — it always gives one 
and the same hydrogen pentasulpkide f u of specific gravity 1*71 (15°). 

u Rebs took di-, tri-, tetra-, and penta-sulphidea of sodium, potassium, and barium, 
which he prepared by dissolving sulphur in solutions of the normal sulphides ; on adding 
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It can only be preserved in the absence of water and at low tempera- 
tures* and then not for long : for, especially in the presence of alkalis, 
and when slightly warmed, it splits up very easily into sulphuretted 
hydrogen and sulphur.* 5 

The soluble sulphides and polysulphides of the metals of the/ 
alkalis and alkaline earths-rfor example, of ammonium,* 6 potas- 

hjdrochloric acid he always obtained hydrogen pen tasulphide{ / whence it is evident that 
4H 2 S» = (n - 1)HjS 3 + (5 — n)H. 2 S. For example, if H 2 S? were formed, it would decompose 
according to the equation 4*^3^ H 2 S 5 + 3H 2 S. The hydrogen pentasolphide formed 
breaks up into hydrogen sulphide and sulphur when brought into contact with water. 
Previous to Rebs* researches many chemists stated that all polysulphides gave the 
bisulphide H 2 S?, and Hofmann recognised only hydrogen tri-sulphide, HjSj. 

° The formation of the polysulphides of hydrogen, H^S*, is easily understood from 
the law of substitution, like that of the saturated hydrocarbons, CH**^ knowing that 
sulphur gives H 2 S, because the molecule of sulphuretted hydrogen may be divided into H 
and HS. This radicle, HS, is equivalent to H. By substituting this radicle for hydrogen 
in H 2 S we obtain (HS)HS - H,S* (HS)(HS)S~ H,8s, &c, in general H,8„. The homo- 
logues of CH|, CffH? M ♦« are formed in this manner from CH4, aud consequently the poly- 
sulphides ILjS„ are the homologues of H..8. The question arises why in H*S« the apparent 
limit of n is 5— that is, why does the substitution end with the formation of H?S S ? The 
answer appears to me to be clearly because in the molecule of sulphur, S fl , there are six 
atoms of sulphur (Note 11). The forces in one and the other case are the same. In the 
one case they hold S 6 together, in the other S 5 and H 3 ; and, judging from HjS, the two* 
atoms of hydrogen are equal in power and significance to the atom of sulphur. Just aa 
hydrogen peroxide, H 2 2 , expresses the composition of ozone, Oj, in which is replaced 
by H 2 , so also HjS s corresponds with 8 e . 

'* Ammonium tulphide, (NRJjS, may be prepared by passing sulphuretted hydrogen 
into a vessel full of dry ammonia, or by passing both dry gases together into a very cold 
receiver. In the latter case it is necessary to prevent the access of air, and to have an 
excess of ammonia. Under these circumstances, two volumes of ammonia combine with 
one volume of sulphuretted hydrogen, and form a colourless, very volatile, crystalline 
substance, having a very unpleasant odour, which is very poisonous and exceedingly 
unstable. When exposed .to the air it absorbs oxygen and acquires a yellow colour, and 
then contains oxygen and poly sulphide compounds (because a portion of the hydrogen 
sulphtfe gives water and sulphur). It is soluble in water and forms a colourless solution^ 
which, however, in all probability contains free ammonia and the acid salt — that is, 
ammonium hydrosulphide, NH 4 HS, or (NH 4 ) 2 S,H 2 S. This salt is formed when dry 
ammonia is mixed with an excess of dry sulphuretted hydrogen. The compound con- 
tains equal volumes of the components NH 5 + H 2 S«=(NH4)H8. It crystallises in an 
anhydrous state in colourless plates, and may bfl easily volatilised (dissociating like 
ammonium chloride), even at the ordinary temperature ; it has an alkaline reaction, 
absorbs oxygen from the air, is soluble in water, and its solution is usually prepared by 
saturating an aqueous solution of ammonia with sulphuretted hydrogen. According to 
the ordinary rule, these salts, like other ammonium salts, split up into ammonia and 
sulphuretted hydrogen when they are distilled. 

A solution of ammonium sulphide is able to dissolve sulphur, and it then containa 
compounds of hydrogen polysulphido and ammonia. Some of these compounds may be 
obtained in a crystalline form. ThusPv^zsche obtained a compound of ammonia with, 
hydrogen pentasulphide, or ammonium pelitasulphide, (NHJjSj, in the following manner: 
He saturated an aqueous solution of ammonia with sulphuretted hydrogen, added 
powdered sulphur to it, and passed ammonia gas into the solution, which then 
absorbed a fresh amount. After this he again passed sulphuretted hydrogen into the 
solution, and then added sulphur, and then again ammonia After repeating this several 
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sium,* 7 and calcium, 98 — have the appearance and properties of salts,, 
just as the hydrated oxides have* whilst the Sulphides of the metals of the 

times, orange-yellow crystals of (NH^Ss separated out from the liquid. These crystals, 
melted at 40° to 60?, and were very unstable. 

When a solution of ammonium hydrosulphide, prepared by saturating a solution of 
fnnmnnU with sulphuretted hydrogen, is exposed to the air, it turns yellow, owing to the 
presence of an ammonium polysulphide, whose formation is dtie to the sulphuretted 
hydrogen being oxidised by the air and converted into water and sulphur, which is dis- 
solved bjr the ammonium sulphide. In certain analytical reaction* it is usual to employ 
a solution of ammonium sulphide which has been kept for some time and acquired a 
yellow colour. This, yellow sulphide of ammonium deposits sulphur when saturated with 
adds, whilst a freshly-prenare<| solution only evolves sulphuretted hydrogen. The yellow 
solution furthermore contains- ammonium thiosulphate, which is derived not only from 
'the oxidation of the ammonium sulphide, but also from the action of the liberated sulphur 
on the ammonia, just as an alkaline salt of thioaulphuric acid and a sulphide are formed 
by the action of sulphur on a solution of a caustic alkali". 

V Potassium sulphide, K a 8, is obtained by heating a mixture of potassium sulphate 
and charcoal to a bright-red heat. It may be prepared in solution by taking a solution 
of potassium hydroxide, dividing it into two equal parts, and saturating one portion with 
sulphuretted hydrogen sO long as it is absorbed. This portion will then contain the acid 
salt KHS (Note 81). The two portions are then mixed together, and potassium sulphide 
will then be obtained, in the solution. This solution has a strongly alkaline reaction, and 
is colourless when freshly prepared, but it very easily undergoes ohange when exposed to 
the sir, forming potassium thiosulphate and polysulphides. When the solution is evapo- 
rated at low temperatures under the receiver of an air-pump, it yields crystals containing 
KjS,6H a O (heated at 150°, they part with 8 mol. H 2 0, and at higher temperatures 
they lose nearly all their water without evolving sulphuretted hydrogen). When 
they are ignited in glass vessels they corrode the glass. When a solution of caustic 
potash, completely saturated with sulphuretted hydrogen, is evaporated under the 
receiver of an air-pump it forms colourless rhombohedra of potassium hydrosulphide, 
2(KHS)^ 3 0^ 3 S,H a S^[ 3 0. These crystals are deliquescent in the air, but tlo not 
change in a vacuum when heated up to 170°, and at higher temperatures they lose 
water but do not evolve sulphuretted hydrogen. The anhydrous compound, KHS, 
fuses at a dark-red heat into a very mobile yellow liquid, which gradually become* 
darker in colour and solidifies to a red mass. It is remarkable that when a solution of 
the compound KHS is boiled it somewhat easily evolves half its sulphuretted hydrogen, 
leaving potassium sulphide, K a 8, in solution ; and a solution of the latter in water is 
also able to evolve sulphuretted hydrogen on prolonged boiling, but the evolution 
cannot be rendered complete, and, therefore, at a certain temperature, a solution of 
potassium sulphide will not be capable of absorbing sulphuretted hydrogen at all. From 
this we must conolude that potassium hydroxide, water, and sulphuretted hydrogen 
form a system whose complex equilibrium is subject to the laws of dissociation, depends 
on the relative mass of each substance, on the temperature, and the dissociation pressure 
of the component elements. Potassium sulphide is not only soluble in water, but also in 
alcohol. 

Bereelius showed that in addition to potassium sulphide there also exist potassium 
bisulphide, Ko8 2 ; trjsulphide, K 2 S 3 ; tetrasulphide, K 3 S 4 ; and pentasulphide, KjSj. 
According to the researches of Scheme, the last three are the most stable. These 
different compounds of potassium and sulphur may be prepared by fusing potassium 
hydroxide or carbonate with an excess of sulphur in a porcelain crucible in a stream of 
carbonic anhydride. At about 600° potassium pentasulphide is formed; this is the 
highest sulphur compound of potassium. When heated to 800° it loses one-fifth of its 
sulphur and gives the tetrasulphide, which at this temperature is stable. At a bright-red 

n See p. 230. 
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higher groups resemble their oxides and have not at all the appearance 

beat— namely, at about 900°— the trieulphide is formed. This compound may be also 
formed by igniting potassium carbonate in a stream of carbon bisulphide, in which case 
a compound, K 2 CS 3 , is first formed corresponding to potassium carbonate, and carbonic 
anhydride is evolved. On further ignition this compound splits up into carbon and 
potassium trieulphide, K^S* The tetrasulphide may also be obtained in solution if a 
solution of potassium sulphide be boiled with the requisite amount of sulphur without 
access of air. This solution yields red crystals of the composition K^^SH^O when 
it is evaporated in a vacuum. These crystals are very hygroscopic, easily soluble in 
water, but very sparingly in alcohol; when ignited they give off water, sulphuretted 
hydrogen, and sulphur. If a solution of potassium sulphide be boiled with an excess of 
sulphur it forms the pentasulphide, which, however, is decomposed on prolonged boiling 
into sulphuretted hydrogen and potassium thiosulphate : K^Sj + SELjO^IL^Os+SH^S. 
A substance called liver of sulphur was formerly frequently used in chemistry and 
medicine. Under this name is known the substance which is formed by boiling a 
solution of caustic potash with an excess of flowers of sulphur. This solution contains a 
mixture of potassium pentasulphide and thiosulphate, 6KHO + 12S=aK 3 85 + K 9 8 a O s 
+ 3H a O. The substance obtained by fusing potassium carbonate with an excess of 
sulphur was also known as liver of sulphur. If this mixture be heated to an incipient 
dark-red heat it will contain potassium thiosulphate, but at higher temperatures potas- 
sium sulphate is formed. In either case a polysulphide of potassium is also present. 
The sulphides of sodium, for example Na- 2 S, NaHS, Arc, in many respects* closely resemble 
the corresponding potassium compounds. 

n The metals of the alkaline earths, like those of the alkalis, form several compounds 
with sulphur ; thus calcium forms compounds with one and with five atoms of sulphur. 
There are doubtless also intermediate sulphides. If sulphuretted hydrogen be passed 
over ignited lime it forms water and calcium sulphide, which may also be formed by 
beating calcium sulphate with charcoal, whilst if sulphur be heated with lime or with 
calcium carbonate, then naturally oxygen compounds (calcium thiosulphate and sulphate) 
are formed at the same time as calcium sulphide. The prolonged action of the vapour 
of carbon bisulphide, especially when mixed with carbonic anhydride, on strongly ignited 
calcium carbonate entirely converts it into sulphide. Calcium sulphide is generally 
obtained as an almost colourless, opaque, brittle mass, which is infusible at a white heat, 
and is soluble in water. The act of solution (as with K 2 S, Note 21) is partly accompanied 
by a double decomposition with the water. When heated, dry calcium sulphide does not 
absorb oxygen from the air. An excess of water decomposes it, like many other metallic 
sulphides, precipitating lime (as a product of the decomposition the lime hinders the 
action of the water upon the CaS ; see soda refuse, Chapter XII., Note 12), and forming 
a hydrosulphide, CaH^S?, in solution. This compound is also formed by passing sul- 
phuretted hydrogen through an aqueous solution of calcium sulphide or lime. Its solution, 
like that of calcium sulphide, has an alkaline reaction. It decomposes when evaporated, 
and absorbs oxgen from the air. Calcium pentasulphide, CaS a , is not known in a pure 
state, but may be obtained in admixture with calcium thiosulphate by boiling a solution 
of lime or calcium sulphide with sulphur : 3CaH>0 3 + 12S = 2Ca3» + CaS)O s + S&jO. A 
similar compound in an impure form is formed by the action of air on alkali waste, and is 
used for the preparation of thiosulphates. 

Many of the sulphides of the metals of the alkaline earths are phosphorescent— 
that is, they have the faculty of emitting light, after having been subjected to the 
action of 3unlight, or of any bright source of light (Canton phosphorus, Ac) The 
luminosity lasts some time, but it is not permanent, and gradually disappears. This 
phosphorescent property is inherent, in a greater or less degree, to nearly all substances 
(Becquerel), but for a very short time, whilst with calcium sulphide it is comparatively 
durable, lasting for several hours, and Dewar (1894) showed that it is far more intense at 
very low temperatures (for instance, in bodies cooled in liquid oxygen to —162°). It is 
due to the excitation of the surfaces of substances by the action of light, and is deter* 
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of salts, and this is more especially the case with regard to the crystal- 
line forms in which they frequently occur in nature. 89 

mined by those rays which exhibit a chemical action. Hence daylight or the light of 
burning magnesium, &o, acts more powerfully than the light of a lamp, &o. Warnerke 
has shown that a small quantity of magnesium lighted near the surface of a phos- 
phorescent substance rapidly excites the greatest possible intensity of luminosity ; this 
enabled him to found a method of measuring the intensity of light — i*. to obtain a 
constant unit of light — and to apply it to photography. The nature of the cnange which 
is accomplished on the surface of the luminous substance is at present unknown, but in 
any case it is a renewable one, because the experiment may be repeated for an infinite 
number of times and takes place in a vacuum. The intensity and tint of the light 
emitted depend on the method of preparation of the calcium sulphide, and on the 
degree of ignition and purity of the calcium carbonate taken. According \o the observa- 
tions of Becquerel, the presence of compounds of manganese, bismuth, <fec, sodium 
sulphide (but not potassium sulphide), Arc, although in minute traces, is perfectly 
indispensable, This gives reason for thinking that the formation (in the dark) and 
decomposition (in light) of double salts like MnSjNa^S perhaps form the chemical cause 
of the phenomena. Compounds of strontium and barium have this property to even a 
greater extent than calcium sulphide. These compounds may be prepared as in the 
following example : A mixture of sodium thiosulphate and strontium chloride is prepared ; 
a double decomposition takes place between the salts, and, on the addition of alcohol, 
strontium thiosulphate, SrS^Oj, is precipitated, which, when ignited, leaves strontium 
sulphide behind. The strontium sulphide thus prepared emits (when dry) a greenish 
yellow light. It contains a certain amount of sulphur, sodium sulphide, and strontium 
sulphate. By ignition at various temperatures, and by different methods of preparation, 
it is possible to obtain mixtures which emit different coloured lights. 

* As examples, we will describe the sulphides of arsenic, antimony, and mercury. 
Arsenic tri sulphide, or orpiment > As^Sj, occurs native, and is obtained pure when a 
solution of arsenious anhydride in the presence of hydrochloric acid comes into contact 
with sulphuretted hydrogen (there is no precipitate in the absence of free acid). A 
beautiful yellow precipitate is then obtained: As^Oj + 3H 2 S = SH 2 + A82S3 ; it fuses 
when heated, and volatilises without decomposition. A&2S3 is easily obtained in a 
colloid form (Chapter I., Note 67). When fused it forms a semi-transparent, yellow 
mass, and it is thus that it enters the market. The specific gravity of native orpiment 
is 3*4, and that of the artificially -fused mass is 27. It is used as a yellow pigment, and 
owing to its insolubility in water and acids it is less injurious than the other compounds 
corresponding to arsenious acid. According to the type AsX a , realgar, AsS, is known, 
but it is probable that the true composition of this compound is As 4 8 4 — that is, it 
presents the same relation to orpiment as liquid phosphuretted hydrogen does to 
gaseous. Realgar (Sandaraca) occurs native as brilliant red crystals of specific gravity 
8*59, and may be prepared artificially by fusing arsenic and sulphur in the proportions 
indicated by its formulae. It is prepared in large quantities by distilling a mixture of 
sulphur and arsenical pyrites. Like orpiment it dissolves in calcium sulphide, and even 
in caustic potash. It is used for signal lights and fireworks, because it deflagrates and 
gives a large and very brilliant white flame with nitre. 

With antimony, sulphur gives a tri- and a penta-sulphide. The former,' 80383, which 
corresponds with antimonious oxide, occurs native (Chapter XIX.) in a crystalline form ; 
its sp. gr. is then 49, and it presents brilliant rhombic crystals of a grey colour, which 
fuse when* heated. A substance of the same composition is obtained as an amorphous 
orange powder by passing sulphuretted hydrogen into an acid solution of antimonious 
oxide. In this reapect antimonious oxide again reacts like arsenious acid, and the sul- 
phides of both are soluble in ammonium and potassium sulphides, and, especially in 
the case of arsenious sulphide, are easily obtained in colloidal solutions. By prolonged 
boiling with water, antimonious sulphide may be entirely converted into the oxide, 
h ydr ogen sulphide being evolved (Elbers). Native antimony sulphide, or the orange 
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As the acids derived from chlorine, phosphorus, and carbon are 
the oxidised hydrogen compounds of these elements, so also we can 

precipitated bisulphide when fused with dry, or boiled with dissolved, alkalis, forms a 
•dark-coloured mass (Kermes mineral) formerly much used in medicine, which contains 
<a mixture of antimonious sulphide and oxide. There are also compounds of these sub- 
stances. A so-called antimony vermilion is much used as a dye; it is prepared by 
boiling sodium thiosulphate (six parts) with antimony trichloride (five parts) and water 
•(fifty parts). This substance probably contains an oxysulphide of antimony — that is, a 
portion of the oxygen in the oxide of antimony in it is replaced by sulphur. Bed anti- 
mony ore, and antimony glass, which is obtained by fusing the trisulphide with 
antimoniouB oxide, have a similar composition, Sb^OS^. In the arts, £he antimony penta- 
tulphide, 80385, is the most frequently used of the sulphur compounds of antimony. It 
is formed by the action of acids on the- so-called 8chlippe's salt, which is a sodium 
thiarthantimonate, SbS(NaS)i, corresponding with (Chapter XIX., Note 41 bis) orthanti- 
monic acid, SbO(OH) 3 , with the replacement of oxygen by sulphur. It is obtained by 
boiling finely-powdered native antimony trisulphide with twice its weight of sodium 
carbonate, and half its weight of sulphur and lime, in the presence of a considerable 
quantity of water. The processes taking place are as follows : — The sodium carbonate is 
•converted into hydroxide by the lime, and then forms sodium sulphide with the sulphur; 
the sodium sulphide then dissolves the antimony sulphide, which in this form already 
combines with the greatest amount. of sulphur,, so that a compound is formed cone? 
sponding with antimony pentasulphide dissolved in sodium sulphide. The solution is 
filtered and 5 crystallised, care berag taken to prevent access of air, which oxidises the 
sodium sulphide. This salt crystallises in large, yellowish crystals, which are easily 
soluble in water and have the composition Na 3 SbS 4j 9H a O. When heated they lose their 
water of. crystallisation and then fuse without alteration ; bnt when in solution, and even 
in crystalline form, this salt turns brown in air, owing to the oxidation of the sulphur 
and the breaking up of the compound. As it is used in medicine, especially in the pre- 
paration of antimony pentasulphide, it is kept under a layer of alcohol, in which it is 
insoluble. Acids precipitate antimony pentasulphide from a solution of this salt, as an 
orange powder, insoluble in acids and very frequently used in medicine (sulfur auratum 
aniiinonii). This substance when heated evolves vapours of sulphur, and leaves antimony 
trisulphide behind. 

Mercury forms compounds with sulphur of the same types as it does with oxygen. 
Mercurous sulphide, Hg?S, easily splits up into mercury and mercuric sulphide. It is 
obtained by the action of potassium sulphide on mercurous chloride, and also by the 
action of sulphuretted hydrogen on solutions of salts of the type HgX. Mercuric sul- 
phide, HgS, corresponding with the oxide, is cinnabar; it is obtained as a black precipi- 
tate by the action of an excess of sulphuretted hydrogen on solutions of mercuric salts. 
It is insoluble in acids, and is therefore precipitated in their presence. If a certain 
amount of water containing sulphuretted hydrogen be added to a solution of mercuric 
chloride, it first gives a white precipitate of the composition HgjStCl? — that is, a com- 
pound HgCl,2HgS, a sulphochloride of mercury like the oxychloride. But in the pre- 
sence of an excess of sulphuretted hydrogen, the black precipitate of mercuric sulphide 
is formed. In this state it is not crystalline (the red variety is formed by the prolonged 
action of polysulphides of ammonium upon the black HgS), but if it be heated to its 
temperature of volatilisation it forms a red crystalline sublimate which is identical with 
native cinnabar In this form its specific gravity is 8*0, and it forms a red powder, owing 
to which it is used as a red pigment (vermilion) in oil, pastel, and other paints. It is so 
little attacked by reagents that even nitric acid has no action on it, and the gastrio 
juices do not dissolve it, so that it is not poisonous. When heated in air, the sulphur 
burns away and leaves metallic mercury. On a large scale cinnabar is usually prepared 
in the following manner: 800 parts of mercury and 116 parts of sulphur are mixed 
together as intimately as possible and poured into a solution of 76 parts of caustio potash 
in 486 parte of water, end the mixture is heated at 60° for several hours. Bed mercury 
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form an idea of the acid hydrates of sulphur, or of the normal acids 
<qf$ulphur> by representing them as the oxidised products of sulphur* 
etted hydrogen — 



HC1 


H a S 


H 3 P 


H 4 C 


HCIO 


H 2 SO(t) 


H 3 PO(t) 


H 4 CO 


HCIO, 


H 2 SO,(?) 


H,P0 2 


H 4 CO t 


HCIO3 


H,SO a 


H 3 PO, 


H 4 C0 3 


HC10 4 


H,S0 4 


H,P0 4 


H 4 C0 4 *> 



In the case of chlorine, if not all the hydrates, at all events salts of 
all the normal hydrates are known, whilst in the case of sulphur only 
the acids H 2 S, H 2 S0 3 and H a S0 4 are known. But, on the other hand, 
the latter are obtained not only as hydrates but also as stable anhy- 
drides, S0 2 and S0 3 , which are formed with the evolution of heat 

sulphide is thus formed, and separates oat from the solution. The reaction which takes 
plsce is ss follows : A soluble compound, KjHgS?, is first formed ; this compound is able 
to separate in colourless silky needles, which are, soluble in the caustic potash, but ore 
decomposed by water, and at 50° ; this solution (perhaps by attracting oxygen from the 
air) slowly deposits HgS in a crystalline form. 

Spring conducted an interesting research (at Liege, 1894) upon the conversion of the 
black amorphous sulphide of mercury, HgS, into red crystalline cinnabar. This research 
formed a sequel to Spring's classical researches on the influence of high pressures upon 
the properties of solids and their capacity for mutual combination. He showed, among 
other things, that ordinary sohds and eren metals (for instance, Pb), after being con* 
siderably compressed under a pressure of 20,000 atmospheres, return on removal of the 
pressure to their original density like gases. But this is only true when the compressed 
solid is not liable to an allotropic variation, and does not give a denser variety. Thus 
prismatic sulphur (sp. gr. 1*9) passes under pressure into the octahedral (sp. gr. 205) 
variety. Black HgS (precipitated from solution) has a sp. gr. 7*6, while that of the red 
variety is 82, and therefore it might be expected that the former would pass into the latter 
under pressure, bat experiments both at the ordinary and a higher temperature did not 
give the looked- for result, because even at a pressure of 20,000 atmospheres the black 
sulphide was not compressed to the density of cinnabar (a pressure of as much as 
85,000 atmospheres was necessary, which could not be attained in the experiment). Bui 
Spring prepared a black HgS, which had a sp. gr. of 80, and this, under a pressure of 
9^00 atmospheres, passed into cinnabar. He obtained this peculiar black variety of 
HgS (sp. gr. 80) by distilling cinnabar in an atmosphere of CO?, when the greater 
portion of the HgS is rcdeposited in the form of cinnabar. tJnder the action of a solu- 
tion of polysulphide of ammonium, this variety of HgS passes more slowly into the red 
variety than the precipitated variety does, while under pressure the conversion is com- 
paratively easy. 

It is worthy of remark, that Linder and Picton obtained complex compounds of 
many of the sulphides of the heavy metals (Co, Hg, Sb, Zn, Cd, Ag, Au) with H?S, for 
example H 3 S,7CuS (by the action of HjS upon the hydrate of oxide of copper), 
H*8,9CuS (in the presence of acetic acid and with an excess of H 2 S), &c Probably we 
have here a sort of * solid ' solution of H*8 in the metallic sulphides. 

» CH4 gives CR4O or CHj(OH), wood spirit ; CH4O2 or CH^OH)* which decom- 
poses into water and CH3O— that is, methylene oxide or formaldehyde; CH^ 
-CHfOHfe-HtO + CHCKOH), or formic acid; and CHL,0 4 - C(OH) 4 «2H,0+ CO* 
There are four typical hydrogen compounds, RH, RH* RHj, and RH* and each of them 
has tis typical oxide. Beyond H* and 4 combination does not proceed. 
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from sulphur and oxygen ; 32 parts of sulphur in combining with 
32 parts of oxygen — that is, in forming SO a — evolve 71,000 heat 
units, 91 and if the oxidation proceeds to the formation of S0 3 , 103,000 
heat units are evolved. These figures may be compared with those 
which correspond with the passage of carbon into CO and CO,, when 
29,000 and 97,000 units of heat are evolved. This determines the 
stability of the higher oxides of sulphur, and also expresses the pecu- 
liarity of sulphur as an element which, although an analogue of oxygen,, 
forms stable compounds with it, and thus fundamentally differs from 
chlorine. The higher and lower oxides of chlorine are powerful oxi- 
dising agents, whilst the higher oxide of sulphur, S0 3 , has but feeble 
oxidising powers, and the lower oxide, S0 3 , frequently acts as a re- 
ducing agent, and is formed by the direct combustion of sulphur, just 
as carbonic anhydride, d0 2 , proceeds from the combustion of carbon. 
In the combustion of sulphur, and also in the oxidation (roasting) of the 
sulphides and polysulphides by their ignition in air, sulphurous oxide, 
or sulphurous anhydride, or sulphur dioxide, S0 2l 31 bU is exclusively 
formed. It is prepared on a large scale by burning sulphur or roasting 
iron pyrites or other sulphides 32 for the manufacture of sulphuric 
acid (Chapter VI.), and for direct application in the manufacture of 
wine or for bleaching tissues and other purposes. In the latter in- 
stances its application is based on the fact that sulphurous anhydride 
acts on certain vegetable matters, and has the property of a reducing 
and feeble acid. 32 bb 

91 Rhombic, sulphur, 71,080 heat units j monoclinio sulphur, 71,720 units, according 
to Thomscn. 

81 bU However, when sulphur or metallic sulphides burn in an excess of air, there is 
always formed a certain, although small, amount of S0 5 , which gives sulphuric acid with 
the moisture of the air. 

51 The enormous amount of sulphuric acid now manufactured is chiefly prepared by 
.roasting native pyrites, but a considerable amount of the 80 a for this purpose is 
obtained by roasting zinc blende (ZnS) and copper and lead sulphides. A certain amount 
is also procured from soda refuse (Note 6) and the residues obtained from the purification 
of coal gas. 

Mbu Sulphurous anhydride is also obtained by the decomposition of many sulphates, 
especially of the heavy metals, by the action of heat ; but this requires a very powerful 
heat. This formation of sulphurous anhydride frdm sulphates is based on the decom- 
position proper to sulphuric acid itself. When sulphuric acid is strongly heated (for 
instance, by dropping it upon an incandescent surface) it is decomposed into water, 
oxygen, and sulphurous anhydride — that is, into those compounds from which it is 
formed. A similar decomposition proceeds during the ignition of many sulphates. Even 
so stable a sulphate as gypsum does not resist the action of very high temperatures, but 
is decomposed in the same manner, lime being left behind. The decomposition of sul- 
phates by. heat is accomplished with still greater facility in the presence of sulphur, 
because in this case the liberated oxygen combines with the sulphur and the metal is 
able to form a sulphide. Thus when ferrous sulphate (green vitriol) is ignited with sul- 
phur, it gives ferrous sulphide and sulpl.urous anhydride : FeS0 4 + 28 =» FcS + 2SO j, and 
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In the laboratory — that is, on a small scale— sulphurous anhydride* 
is best prepared by deoxidising sulphuric add by heating it with 
charcoal, or copper, sulphur, mercury, Ac. Charcoal produces this 
decomposition of sulphuric acid at but moderately high temperatures ; 
it is itself converted into carbonic anhydride, 31 ** and therefore when 
sulphuric acid is heated with charcoal it evolves a mixture of sulphurous 
and carbonic anhydrides : C + 2H 2 S0 4 = CO, + 2SO, + 2H a O. The 
metals which are unable to decompose water, and which do not, there- 
fore, expel hydrogen from sulphuric acid, are frequently capable of 
decomposing sulphuric acid, with the evolution of sulphurous anhydride, 
just as they decompose nitric acid, forming the lower oxides of nitrogen. 
These metals are silver, mercury, copper, lead, and others. Thus, for 
example, the action of copper on sulphuric acid may be expressed by 
the following equation : Cu 4- 2H2S0 4 = CuS0 4 + S0 8 + 2H 2 0. In 
the laboratory this reaction is carried on in a flask with a gas -conduct- 
ing tube, and does not take place unless aided by heat 33 

In its physical and chemical properties sulphurous anhydride 
presents a great resemblance to carbonic anhydride. It is a heavy gas, 
somewhat considerably soluble in water, very easily condensed into a 
liquid ; it forms normal and acid salts, does not evolve oxygen under 
the direct action of heat 34 although such metals as sodium and magne- 
sium burn in it, just as in carbonic anhydride. It has a suffocating 
odour, which is well known owing to its being evolved when sulphur 
or sulphur matches are burnt. In characterising the properties of 
sulphurous anhydride, it is very important to remember (Chapter II.) 
also that it is more easily liquefied (at — 10°, or at 0° under two 

this reaction may even be need for the preparation of this gas. At 400° sulphuric add 
and sulphur give an extremely uniform stream of pure sulphurous anhydride, so that it 
is best prepared on a manufacturing scale by this method. Iron pyrites, FeSj, when 
heated to 150° with sulphuric acid (sp. gr. 1*75) in cast-iron vessels also gives an abun- 
dant and uniform supply of sulphurous anhydride. 

*■ lH Mellitic acid is formed at the same time (Verneuille). 

** The thermochemical data connected with this reaction are as follows: A 
molecule of hydrogen H*, in combining with oxygen (0-16) develops about 69,000 heat 
units, whilst the molecule of 80 3 in combining with oxygen only develops about 82,000 
heat units — that is, about half as much— and therefore those metals which cannot decom- 
pose water may still be able to deoxidise sulphuric into sulphurous acid. Those metals 
which decompose water and sulphuric acid with the evolution of hydrogen, evolve 
in combining with sixteen parts by weight of oxygen more heat than hydrogen does— 
for example, K^Na^Ca develop about or more than 100,000 heat unite ; Fe, Zn, Mn about 
70,000 to 80,000 heat units ; whilst those metals which neither decompose water nor evohrs 
hydrogen from sulphurio acid, but are still capable of evolving sulphurous anhydride from 
it, develop less heat with oxygen than hydrogen, but nearly the same amount, if not more 
than, sulphurous anhydride develops— for example, Cu and Hg develop about 40,000 and 
Pb about 60,000 heat units. 

•* That is, it only dissociates and re-forms the original product on cooling. 



Digitized by 



Google 



p 



226 PRINCIPLES OF CHEMISTRY 

atmospheres pressure) than carbonic anhydride (thirty-six atmospheres 
at 0°), w that it is more soluble than carbonic anhydride (Vol. I. 
i p. 79) ; at 0°, 100 vols, of water dissolve 180 vols, of carbonic 

anhydride and 688 vols, of sulphuric anhydride), that the molecular 
weight of SO a =64 and of CO a =44, and that the density of liquid sul- 
phurous anhydride at 0°=1*43 (molecular volume =45) and of carbonic 
anhydride =0-95 (molecular volume =49). Although sulphur dioxide 
is the anhydride of an acid, "nevertheless, like carbonic anhydride, it does 
not form any stable compounds with water, but gives a solution from 
which it may be entirely expelled by the action of heat. 86 The acid 
character of sulphurous anhydride is clearly expressed by the fact that 
it is entirely absorbed by alkalis, with which it forms acid and normal 
salts easily soluble in water. With salts of barium, calcium, and the 
heavy metals, the normal salts of the alkalis, M 2 S0 3 , give precipitates 
exactly like those formed by the carbonates. In general, the salts of 
sulphurous acid are closely analogous to the corresponding carbonates. 
Acid sodium sulphite, NaHSO a , may be obtained by passing sul- 
phurous anhydride into a solution of sodium hydroxide. It is also 
formed by saturating a solution of sodium carbonate with the gas 
V (carbonic anhydride is then given off), and as the solubility of the acid 

I sulphite is much greater than that of the carbonate, a further quantity 

/ of the latter may be dissolved after the passage of the sulphurous 

/ anhydride, so that ultimately a very strong solution of the sulphite 

may be formed in this manner, from which it may be obtained in a 
A crystalline form, either by cooling and evaporating (without heating, 

} for then the salt would give off sulphurous anhydride) or by adding 

• alcohol to the solution. When exposed to the air this salt loses 
sulphurous anhydride and attracts oxygen, which converts it into 
sodium sulphate. The acid sulphites of the alkali metals are able to 
comhine not only with oxygen, but also with many other substances — 
for example, a solution of the, sodium salt dissolves sulphur, forming 

' sodium thiosulphate, gives crystalline compounds with the aldehydes 

^ and .ketones, and dissolves many bases, converting them into double 

» l M At a given temperature the pressure of this gas evolved from any salt will be 

* less than that of carbonic anhydride, if we compare the separation of a gas from its salts 
i with the phenomenon of evaporation, as was done in discussing the decomposition of 

calcium carbonate. 

Liquid sulphurous anhydride is used on a large scale (Pictet) for the production of 

80 Pe la Rive, Pierre, and more especially Roozeboom; have investigated ths 
cry stallo- hydrate which is formed by sulphurous anhydride and water at temperatures 
"below 7° under the ordinary pressure, and in closed vessels (at temperatures below 13°). 
Its composition is 80 2 ,7HaO, and density 12. This hydrate corresponds with the similar 
hydrate CO a ,8H?0 obtained by Wroblewsky. 
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sulphites. Having the faculty of attracting or absorbing oxygen, acid 
sodium sulphite is also able to absorb chlorine, and is therefore 
employed, like sodium thiosulphate, for the removal of chloride (as an 
antichlor), especially in the bleaching of fabrics, when it is necessary 
to remove the last traces of the chlorine held in the tissues, which 
might otherwise have an injurious effect on them. If a solution of an 
alkali hydroxide be divided into two parts, and one half is saturated 
with sulphurous anhydride, and then the other half added to it, a 
normal salt will be obtained in the solution, having an alkaline reaction, 
like a solution of sodium carbonate. The acid salt has a neutral 
reaction. 36 bU Like sodium carbonate, normal sodium sulphite has the 
composition Na 2 SO 3 ,10H 2 O, and its maximum solubility is at 33° — in 
a word, it very closely resembles sodium carbonate. Although this 
salt does not give off sulphurous anhydride from its solution, it is able, 
like the acid salt, to absorb oxygen from the air, and is then converted 
into sodium sulphate. 37 

Besides the acid character we must also point out the reducing 
character of sulphurous anhydride. The reducing action of sulphurous 
acid, its anhydride and salts, is due to their faculty of passing into 
sulphuric acid and sulphates. The reducing action of the sulphites 
is particularly energetic, so that they even convert nitric oxide into 
nitrous oxide : K 2 S0 3 + 2NO=K 2 S0 4 + N,0. The salts of many of the 
higher oxides are converted into those of the lower — for example, FeX a 
into FeX„ CuX 9 into CuX, HgX 2 into HgX ; thus 2FeX s + SO, 4 2H 2 
t=2FeX 2 +,H 2 S0 4 + 2HX. In the presence of water, sulphurous 
anhydride is oxidised by chlorine (SO a «■ 2^0 + 01, =11,804 + 21101), 
iodine, nitrous acid, hydrogen peroxide, hypochlorous acid, chloric acid, 
and other oxygen compounds of the halogens, chromic, manganic, and 
many other metallic acids and higher oxides, as well as all peroxides. 
Free oxygen in the presence of spongy platinum is able to oxidise 
sulphurous anhydride even in the absence of water, in which case 
sulphuric anhydride S0 3 is formed, so that the latter may be prepared 
by passing a mixture of sulphurous anhydride and oxygen over 
incandescent spongy platinum, or, as it is now prepared on a large scale 
in chemical works, by passing this mixture over asbestos or pumice 

»"• 8chwicker (1889) by saturating NaHSO s with potash, or KHSOj with tod*, 
obtained NaKSOj, in the first instance with H 2 0, and in the second instance with 9H a O, 
probably owing to the different media in which the crystals are formed. In general sul- 
phurous acid easily forms double salts. 

87 Hie normal salts of calcium and magnesium are slightly^ and the acid salts easily, 
soluble in water. These acid sulphites are much used in practice; thus calcium bisul- 
phite is employed in the manufacture of cellulose from sawdust, for mixing with fibrous 
matter in the manufacture of paper. 
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MT stone moistened with a solution of platinum salt and ignited. Sul- 

cL, phurous anhydride is completely absorbed by certain higher oxides— for 

^/ instance, by barium peroxide and lead dioxide (PbO a + SOj=PbS0 4 ). ,s 
f There are, however, cases where sulphurous anhydride acts as an 

jf oxidising agent — that is, it is deoxidised in the presence of substances 

^5 which are capable of absorbing oxygen with still greater energy than 

f the sulphurous anhydride itself. This oxidising action proceeds with 

r the formation of sulphuretted hydrogen or of sulphides, while the 

* reducing agent is oxidised at the expense of the oxygen of the sul- 
tf\ phurous anhydride. In this respect, the action of stannous salts is 

*> particularly remarkable. Stannous chloride, SnCl 2 , in an aqueous 

, solution gives a precipitate of stannic sulphide, SnS 2 , with sulphurous 

' anhydride — that is, the latter is deoxidised to sulphuretted hydrogen, 

t while SnX 2 is oxidised into SnX 4 . A solution of sulphurous anhydride 

* has also an oxidising action on zinc. The zinc passes into solution, but no 
^ hydrogen is evolved, 89 because a salt of hydrosulphurpus acid, ZnS 2 4 , 
f is formed. The free acid is still less stable than the salt. 

j t The faculty of sulphurous anhydride of combining with various 

/ substances is evident from the above-cited reactions, where it combines 

with hydrogen and with oxygen, and this faculty also appears in the 



98 This reaction is taken advantage of in removing sulphurous anhydride from a mix- 
ture of gases. Lead dioxide, Pb0 2 , is brown, and when combined with sulphurous anhy- 
dride it forms lead sulphate, PbS0 4 , which is white, so that the reaction is evident both 
from the change in colour and development of heat. Sulphurous anhydride is slowly 
decomposed by the action of light, with the separation of sulphur and formatkra of sul- 
^ phuric anhydride. This explains the fact that sulphurous anhydride prepared in the 

dark gives a white precipitate of silver sulphite, Ag 2 S0 5 , with silver chlorate, AgC10 4 , 
but when prepared in the light, even in diffused light, it gives a dark precipitate. This 
naturally depends on the fact that the sulphur liberated then forms silver sulphide, 
which is black. 

38 Schbnebein observed that the liquid turns yellow, and acquires the faculty of 
decolorising litmus and indigo. Schutzenberger showed that this depends on the forma- 
tion of a zinc salt of a peculiar and very powerfully-reducing acid,' for with cupric salts 
the yellow solution gives a red precipitate of cuprous hydrate or metallic copper, and it 
reduces salts of silver and mercury. entirely. An exactly similar solution is obtained by 
the action of zinc on sodium bisulphite without access of air and in the cold. The 
yellow liquid absorbs oxygen from the air with great avidity, and forms a sulphate. If 
the solution be mixed with alcohol, it deposits a double sulphite of zinc and sodium, 
ZnNa?(SOj) 2 , which does not decolorise litmus or indigo. The remaining alcoholic solu- 
tion deposits colourless crystals in the cold, which absorb oxygen with great energy in 
Ihe presence of water, but are tolerably stable when dried under the> receiver of an air- 
pump. The solution of these crystals has the above-mentioned decolorising and reducing 
properties. These crystals contain a sodium salt of a lower acid ; their composition was 
at first supposed to be HNaS0 2 , but it was afterwards proved that they do not contain 
hydrogen, and present the composition Na 2 S 3 4 (Bemthsen). The same salt is formed 
by the action of a galvanic current on a* solution of sodium bisulphite, owing to the 
action of the hydrogen at the moment of its liberation. If S0 2 resembles CO t in ito 
composition, then hyposulphurous acid H 2 S 3 4 resembles oxalic acid 1X30304. Perhaps 
V an analogue of formic acid SHjO^ will be discovered. 



Digitized by 



Google 



SULPHUR, SELENIUM, AtfD TELLURIUM 229 

fact that, like carbonio oxide, it combines with chlorine, forming a 
chloranhydride of sulphuric acid, S0 8 C1 2 , to which We shall afterwards 
return. The same faculty for combination also appears in the salts of 
sulphurous acid, in their liability to oxidation and in the exceedingly 
characteristic formation of a peculiar series of salts obtained by Pelouze 
and Fre'my. At a temperature of —10° or below, nitric oxide NO is 
absorbed by alkaline solutions of the alkali sulphites, forming a peculiar 
series of nitrotulphate*. At a higher temperature these salts are not 
formed but the nitric oxide is reduced to nitrous oxide. . But in the 
cold the liquid saturated with nitric oxide after a certain time gives 
prismatio crystals resembling those of nitre. The composition of the 
potassium salt is K 2 SN a 5 — that is, the salt contains the elements of 
potassium sulphite and of nitric oxide. 40 

There are also several other substances, formed by the oxides of 
nitrogen and sulphur, which belong to this class of complex and, under 

40 The instability of this salt is very great', and may be compared to that of the com- 
pound of ferrous sulphate with nitric oxide, for when heated under the contact 
influence of spongy platinum, charcoal, &c, it splits up into potassium sulphate and 
nitrous oxide. At 180° the dry salt gives off nitric oxide, and re-forms potassium sul« 
phite. The free acid has not yet been obtained. These salts resemble the series of 
sulphonitrites discovered by Frlray in 1845. They are obtained by passing sulphurous 
anhydride through a concentrated and strongly alkaline aqueous solution of potassium 
nitrite. They are soluble in water, but are precipitated by an excess of alkali. The first 
product of the action has the composition K 3 N9jHO c . It is then converted by the 
further action of sulphurous anhydride, cold water, and other reagents into a series of 
similar complex salts, many of which give well-formed crystals. One must suppose that 
the chief cause of the formation of these very complex compounds is that they contain 
unsaturated compounds, NO, KN0 2 , and KHS0 5l all of which are subject to oxidation 
and further combination, and therefore easily combine among each other. The decom- 
position of these compounds, with the evolution of ammonia, when their solutions are 
heated is due to the fact that the molecule contains the deoxidant, sulphurous anhydride, 
which reduces the nitrous acid, NO(OH), to ammonia. In my opinion the composition 
of the sulphonitrites may be very simply referred to the composition of ammonia, in 
which the hydrogen is partly replaced by the radicle of the sulphates. If we represent 
the composition of potassium sulphate as KOKSOj, the group KSOj will be equiva- 
lent (according to the law of substitution) to HO and to hydrogen. It combines with 
hydrogen, forming the potassium acid sulphite, KHSOj. Hence the group KS0 5 may 
also replace the hydrogen in ammonia.. Judging by my analysis (1870) the extreme 
limit of this substitution, N(HS0 5 ) 5 , agrees with that of the sulphonitrite, which it 
easily formed, simultaneously with alkali, by the action of potassium sulphite on potas- 
sium nitrite, according to the equation 8K(KSOj) + KNO, + 2H 2 = N(KSOj)s+4HKO. 
The researches of Berglund, and especially of Raschig (1887), fully verified my conclu- 
sions, and showed that we must distinguish the following types of salts, corresponding 
with ammonia, where X stands for the sulphonic group, HS0 5 , in which the hydrogen is 
replaced by potassium; hence X = KS0 3 : (1) NH 8 X, (2) NHX 2 , (8) NH„ (4) N(OH)XH, 
(6) N(OH)X,, (6) N(OH),X, just as NH 2 (OH) is hydroxylamine, NH(OH) 2 , is the hydrate 
of nitrous oxide, and N(OH)j is orthonitrous acid, as follows from the law of substi- 
tution. This class of compounds is in most intimate relation with the series of sul- 
phonitrous compounds, corresponding with * chamber crystals ' and their acids, which we 
•hall consider later. 
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j tome circumstances, unstable compound*. In the manufacture of 

sulphurio acid, both these classes of oxides come into contact with each 
t other in the lead chambers, and if there be insufficient water lor the 

/ formation of sulphuric acid they give crystalline compounds, termed 

m chamber crystal*. As a rule, the composition of the crystals is ex- 

pressed by the formula NHS0 5 . This is a compound of the radicles. 
NO, of nitric acid, and HSO, o£ sulphuric acid, or nitrosulphurie 
acid, NO,-SHO„ if sulphuric acid be expressed as OH-8HO, and nitric 
by NO*4)H. The tabular crystals of this substance fuse at about 70°, 
are formed both by the direct action of nitrous anhydride or nitric 
> • peroxide (but not NO, which is not absorbed by sulphuric acid) on 

sulphuric acid (Weltzien and others) and especially on sulphuric acid 
containing an anhydride and the lower oxides of sulphur and nitric acid. 41 
Thiosulphuric acid, HjS 2 O a — that is, a compound of sulphurous acid 
* and sulphur— also belongs to the products of combination of sulphurous 

acid. In the same way that sulphurous acid, H 2 SO„ gives H,S0 4 witfi 
oxygen, so it gives H s S a O, with sulphur. In a free state it is very on- 
/ stable, and it is only known in the form of its salts proceeding from the 

direct action of sulphur on the normal sulphites ; if endeavours be 
made to separate it in a free state, it immediately splits up into those 
J elements from which it might be formed — that is, into sulphur and 

sulphurous acid. The most important of its salts is the sodium 
thiosulphcUe (known as hyposulphite), Na 3 S 3 3 ,5H 3 0, which occurs in 
', colourless crystals, and is unacted on by atmospheric oxygen either 

'* when in a dry state or in solution. Many other salts of this acid are 

i easily formed by means of this salt, 41 bh although this cannot be done 



41 In the sulphuric acid chambers the lower oxides of nitrogen end sulphur take pert 
in the reaction. They are oxidised by the oxygen of the air, and form ratro-sulphnric 
acid — for example, aSO, + N a O $ + 02 + H a O = aNHSO v This compound dissolves in strong 
sulphuric acid without changing, and when this solution is diluted (when the sp. gr. falls 
to 15), it splits up into sulphuric acid and nitrous anhydride, and by the action of sul- 
phurous anhydride is converted into nitric oxide, which by itself (in the absence of nitric 
acid or oxygen) is insoluble in sulphuric acid. These r ea cti o ns are taken advantage of 
in retaining the oxides of nitrogen in the Oay-Lussac coke-towers, and for extracting the 
absorbed oxides of nitrogen from the resultant solution* in the Glover tower. Although 
nitric oxide is not absorbed by sulphuric acid, it reacts (Boss, Briining) on its anhydride, 
and forms sulphurous anhydride and a crystalline substance, Nt&?0»» 2NO + SSOj— SOj 
* N t OjSSOs. This may be regarded as the anhydride of nitro-sulphurio acid, heransa 
KtSjOt-SNHSOj-HfO; like nitro-sulphurio acid, it is decomposed by water into 
nitro-sulphuric acid and nitrous anhydride. Since boric and arsenious anhydrides, 
alumina and other oxides of the form R*Oj are able to combine with sulphuric anhydride 
to form similar compounds decomposable by water, the above compound does not present 
any exceptional phenomenon. The substance NOClSOj obtained by Weber by the 
action of nitrosyl chloride upon sulphuric anhydride belongs to this class of compounds. 

4i Mi Many double salts of thiosulphuric acid are known, for instance, PbStQsSNatStOfc 
laHaO; Ca8 s O s ,3K a S*0 3 ,5HiO, &c (Fortman, Schwicker, Fock, and others). 
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vHtb all bases, for such bases as alumina, ferric oxide, chromium oxide, 
and others do not give. compounds with thiosulphuric acid, just as they 
do not form stable compounds with carbonic acid. Whenever these 
*alts might be formed, they (like the acid) split up into sulphurous acid 
and sulphur, and furthermore the elements of thiosulphuric acid in 
many cases act in a reducing manner, forming sulphuric acid and 
taking up the oxygen from reducible oxides. Thus when treated with 
a thiosulphate the soluble ferric salts give a precipitate of sulphur and 
form ferrous salts. The thiosulphates of the metals of the alkalis are 
obtained directly by boiling a solution of their sulphites with sulphur : 
Na 2 S0 3 + S = Na 2 S a 3 . The same salts are formed by the action of 
sulphurous anhydride on solutions of the, sulphides ; thus sodium 
sulphide dissolved in water* gives sulphur and sodium thiosulphate 
when a stream of sulphurous anhydride is passed through it : 2NajS 
+ 3SO a = 2Na2S 2 3 + S. The polysulphides of the alkali metals 
when left exposed to the air attract oxygen and also form thio- 
sulphates. 43 

** Thus when alkali waste, which contains calcium sulphide, undergoes oxidation in 
the air it first forms a calcium polysulphide, and then calcium thiosulphate, CeBgOs. 
When iron or sine acts on a solution of sulphurous acid, besides the hyposulphurous acid 
first formed, a mixture of sulphite and thiosulphate is obtained (Note 89), 8S0 3 + Znj 
e ZnSOj + ZnSflOj. In this case, as in the formation of hyposulphurous acid, there it 
no hydrogen liberated. One of the most common methods for preparing thiosulphates 
consists in the action dfmlphur on the alkalis. The reaction is accomplished by the 
formation of sulphiaes and thiosulphates, just as the reaction of chlorine on alkalis is 
accompanied by the formation of hypochlorites and chlorides; hence in this respect the 
thiosulphates hold the same position in the order of the compounds of sulphur as the 
hypochlorites, do among the chlorine compounds. The reaction of caustic soda on 
an excess of sulphur may be expressed thus : 6NaHO + 12S » aNa a 3 s + Na 2 S)Os+8H 2 0. 
Thus sulphur is soluble in alkalis... On a large scale sodium thiosulphate, Na^S?6 s , if 
prepared by first heating sodium sulphate with charcoal, to form sodium sulphide, which 
is then dissolved in water and treated with sulphurous anhydride. The reaction is com- 
plete when the solution has become slightly acid. A certain amount of caustic alkali is 
added to the slightly acid solution*; a portion of the sulphur is thus precipitated, and the 
Solution is then boiled and evaporated when the salt crystallises out. The saturation 
of the solution of sodium sulphide by sulphurous anhydride is carried on in different 
*rnys— for example, by means of coke-towers, by causing the solution of sulphide to 
trickle over the coke, and the sulphurous anhydride, obtained by burning sulphur, to 
pas&.uf) the coke-tower from below. An excess of sulphurous anhydride must be 
avoided, as otherwise sodium trithionate is formed. Sodium thiophosphate is also pre- 
pared by the double decomposition of the soluble calcium thiosulphate with sodium sul- 
phate or carbonate, in which case calcium sulphate or carbonate is precipitated. The 
calcium thiosulphate is prepared by the action of sulphurous anhydride on either calcium 
sulphide or alkali waste. A dilute solution of calcium thiosulphate may be obtained by 
treating alkali waste which has been exposed to the action of air with water. On eva- 
poration, this solution gives crystals of the salt containing CaSa0 3 ,5H a O. A solution of 
calcium thiosulphate must be evaporated with great care, because otherwise the salt 
breaks up into sulphur and calcium sulphide. Even the crystallised salt sometimes 
undergoes this change. 

The crystals of sodium thiosulphate are stable, do not effloresce and at 0° dissolve in 
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Although sulphur, oxidising at a high temperature, only forms a 

small quantity of sulphuric anhydride, S0 3 , and nearly all passes into 

4 sulphurous anhydride, still the latter may be converted into the higher 

oxide, or sulphuric anhydride, SO,, by many methods. Sulphurio 

anhydride is a solid crystalline substance at the ordinary temperature ; 

J ' it is easily fusible (15°), and volatile (46°), and rapidly attracts moisture. 

/ Although it is formed by the combination of sulphurous anhydride 

with oxygen, it is capable of further combination. Thus it combines 

^ with water, hydrochloric acid, ammonia, with many hydrocarbons, 

''f one part of water, and at 30 d in 0*6 part. The solution of this salt w doeB not undergo 

/ . - any change when boiled for a short time, but after prolonged boiling it deposits sulphur. 

f The crystals fuse at 66°, and lose all their water at 100°. When the dry salt is ignited 

it gives sodium sulphide and sulphate. With acids, a solution of the thiosulphate soon 

r becomes cloudy and deposits an exceedingly fine powder of sulphur (Note 10). _If the 

amount of acid added be considerable, it also evolves sulphurous anhydride : H*S?Os 

- H 3 + S + 80a. Sodium thiosulphate has many practical uses ; it is used in photo- 

f graphy for dissolving silver chloride and bromide. Its solvent action on silver chloride 

-"* may be taken advantage of in extracting this metal as chloride from its- ores. In 

dissolving, it forms a double salt of silver and sodium : AgCl + Na^Oj = NaCl 

-f AgNaS 2 O s . Sodium thiosulphate is an antichlor— that is, a substance which hinders 

t / the destructive action of free chlorine owing to its being very easily oxidised by chlorine 

y into sulphuric acid and sodium chloride. The reaction with iodine is different, and is 

i remarkable for the accuracy with which it proceeds. The iodine takes up half the 

\ ' sodium from the salt and converts it into a tetrathionate ; SNasSaOj + 1* - 2NaI + Na^O* 

f and hence this reaction is employed for the determination of free iodine. As iodine is 

; expelled from potassium iodide by chlorine, it is possible also to determine the amount 

J of chlorine by this method if potassium iodide be added to a solution containing chlorine. 

And as many of the higher oxides are able to evolve iodine from potassium iodide, or 

chlorine from hydrochloric acid (for example, the higher oxides of manganese, chromium, 

&a), it is also possible to determine the amounts of these higher oxides by means of 

1 sodium thiosulphate and liberated iodine. This forms the basis of the jodometric method 

\ of volumetric analysis. The details of these methods will be foundth works on analytical 

f f chemistry. 

•' On adding a solution of a lead salt gradually to a solution of sodium thiosulphate a 

white precipitate of lead thiosulphate, PbS a 3 , is formed (a soluble double salt is first 
formed, and if the action be rapid, lead sulphide). When this substance is heated at 
200°, it undergoes a change and takes fire. Sodium thiosulphate in solution rapidly 
reduces cupric salts to cuprous salts by means of the sulphurous acid contained in the 
j thiosulphate, but the resultant cuprous oxide is not precipitated, because it passes into 

the state of a thiosulphate and forms a double salt. These double cuprous salts are 
excellent reducing agents. The solution when heated gives a black precipitate of copper 
sulphide. 

The following formulas sufficiently explain the position held by thiosulphurio acid 
among the other acids of sulphur : 

Sulphurous acid S0 2 H(OH) 

Sulphurio acid 80 3 OH(OH) 

Thiosulphurio add SO a SH(OH 

Hyposulphurous acid 80 a H(SO a H) 

Dithionic acid 80 3 OH(SO*OH) 

At one time it was thought that all the salts of thiosulphurio acid only existed in 
combination with water, and it was then supposed that their composition was H^O^, or 
HsSO?, but Popp obtained the anhydrous salts. 
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%nd even with sulphuric acid, boric and nitrous anhydrides, Ac., and 
also with bases which'burn directly in its vapour, forming sulphates in 
the presence of traces of moisture (see Chapter IX., Note 29). The 
oxidation of sulphurous anhydride, S0 2 , into sulphuric anhydride, SO,, 
is effected by passing a mixture of the former and dry oxygen or 
air over incandescent spongy platinum. An increase of pressure 
accelerates the reaction (Hanisch). If the product be passed into a 
cold vessel, crystalline sulphuric anhydride is deposited upon the sides of 
the vessel, but as it is difficult to avoid all traces of moisture it always 
contains compounds of its hydrates: H 2 S 2 7 and H 2 S 4 0, 3 , whose 
presence so modifies the properties of the anhydride (Weber) that 
formerly two modifications of the anhydride were recognised. The 
same sulphuric anhydride may be obtained from certain anhydrous 
sulphates, or those which are almost so, which are decomposed by heat, 
whilst an impure but perfectly anhydrous anhydride is formed by 
distillation over phosphoric anhydride. For instance, acid sodium 
sulphate, NaHS0 4 , and the pyro- or di-sulphate, Na 2 S 2 7 (Chapter 
XII.) formed from it, when ignited evolve sulphuric anhydride. Green 
vitriol — that is, ferrous sulphate, FeS0 4 — belongs to the number of 
those sulphates which easily give off sulphuric anhydride under the 
action of heat. It contains water of crystallisation and parts with it 
when it is heated, but the last equivalent of water is driven off with 
difficulty, just as is the case with magnesium sulphate, MgS0 4 7H 2 ; 
however, when thoroughly heated, this evolution of sulphuric anhydride 
does take place, Although not completely, because at a high temperature a 
portion of it is decomposed by the ferrous oxide (SO a + 2FeO), which 
in converted into ferric oxide, Fe a O|, and in consequence part of the 
sulphuric anhydride is converted into sulphurous anhydride. Thus the 
products of the decomposition of ferrous sulphate will be : ferric oxide, 
Fe 8 0„ sulphurous anhydride, S0 2 , and sulphuric anhydride, S0 8 , 
according to the equation :. 2FeS0 4 = Fe 2 3 + S0 2 + S0 3 . As water 
still remains with the ferrous sulphate when it is heated, the result will 
partially consist of the hydrate H 2 S0 4 , with anhydride, SO,, dissolved 
in it. Sulphuric acid was for a long time prepared in this manner • 
the process was formerly carried on on a large scale in the neighbour- 
hood of Nordhausen, and hence the sulphuric acid prepared from 
ferrous sulphate is called fuming Nordhausen acid. At the present 
time the fuming acid is prepared by passing the volatile produots of the 
decomposition of ferrous sulphate through strong sulphuric acid pre- 
pared by the ordinary method. The sulphurous anhydride is insoluble 
in it> but it absorbs the sulphuric anhydride. Sulphuric anhydride 
may be prepared not only by igniting FeS0 4 or sodium pyrosulpbate, 
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Na a S 2 7 (the decomposition proceeds at 600°), but also by heating 
PTT a mixture of the latter and MgS0 4 (Walters) ; in the former case a 

4 ,{ stable double salt MgNa 2 (S0 4 ) 2 finally remains. It is also obtained 

' }' by the direct combination of S0 2 and O under the action of spongy 

f> platinum or asbestos coated with platinum black (C. Winkler's pro- 

^ cess). Nordhausen sulphuric acid fumes in air, owing to Jts containing 

r\ and easily giving off sulphuric anhydride, and it is therefore also called 

« » fuming sulphuric acid ; these fumes are nothing but the vapour of 

sulphuric anhydride combining with the moisture in the air and forming 
non -volatile sulphuric acid (hydrate). 48 
/ >, Nordhausen sulphuric acid contains a peculiar compound of SO, 

' „ and H 2 SQ 4 , or pyrosulphuric acid ; an imperfect anhydride of sulphuric 

' acid, H 2 S 2 7 , analogous in Composition with the salts Na 2 S 2 7 , 

; K 2 Cr 2 7 , and bearing the same relation to H 2 SO^ that pyrophosphorio 

4 acid does to H 3 P0 4 . The bond holding the sulphuric acid and 

*? ■ anhydride together is unstable. This is obvious from the fact that the 

, \ anhydride may easily be separated from this compound, by the action of 

heat. In order to obtain the definite compound, the Nordhausen acid 
is cooled to 5 6 , or, better still, a portion of it is distilled until all the 
anhydride and a certain amount of sulphuric acid have passed over into 
the distillate, which will then solidify at the ordinary temperature, 
because the compound H 2 SO„S0 3 fuses at 35°. Although this sub- 
stance reacts on water, bases, <tc., like a* mixture of S0 3 + H 2 S0 4 , still 



fl 43 Nordhausen sulphuric acid may serve as a very simple means for the preparation 

of sulphuric anhydride. For this purpose the Nordhausen acid is heated in a glass 
retort, whose neck is firmly fixed in the mouth of a well-cooled flask. The access of 
X moisture is prevented by connecting the receiver with a drying-tube. On heating the 

'' retort the vapours of sulphuric anhydride will pass over into the receiver, where they 

condense; the crystals of anhydride thus prepared will, however, contain traces of 
sulphuric acid— that is, of the hydrate. By repeatedly distilling over phosphoric 
anhydride, it is possible to obtain the pure anhydride, 8O3, especially if the process be 
carried on without access of sir in a closed vessel. 

The ordinary sulphuric anhydride, which is imperfectly freed from the ^hydrate, is a 
snow-white, exceedingly volatile substance, which crystallises (generally by sublimation) 
in long silky prisms, and only gives the pure anhydride when carefully distilled over 
P a O s . Freshly prepared crystals of almost pure anhydride fuse at 16° into a colourless 
liquid having a specific gravity at 26° = 1*01, and at 47° - 1*81 ; it volatilises at 46°. Alter 
being kept for some time the anhydride, even containing only small traces of water, 
■^ undergoes a change of the following nature : A small quantity of sulphuric acid corn* 

bines by degrees with a large proportion of the anhydride, forming polysulphuric acids, 
HaSOj.nSOj, which fuse with difficulty (even at 100°, Marignac), but decompose when 
heated. In the entire absence of water this rise in the fusing point does not occur 
(Weber), and then the anhydride long remains liquid, and solidifies at about + 15°, vola- 
tilises at 40°, and has a specific gravity 194 at 16°. We may add that Weber (1881), by 
treating sulphuric anhydride with. sulphur, obtained a blue lower oxide Qf sulphur, S^O* 
Selenium and tellurium also give similar products with SO& SeSO* and TeSOj. Water 
does not act upon them. 
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since a definite compound, H 2 S a 7 , exists in a free state and gives salts 
and a chloranhydride, 8 2 O ft Cl a) 44 we must admit the existence of a 
definite pyrosulphuric acid, like pyrophosphoric acid, only that the 
latter has a far greater stability and is not even converted into a perfect 
hydrate by water. Further, the salts M 2 S 2 7 dissolved in. water react 
in the same manner as the acid salts MHS0 4 , whilst the imperfect 
hydrates of phosphoric acid (for example, PH0 3 , H 4 P a 7 ) have in- 
dependent reactions even in an aqueous solution which distinguish them 
and their salts from the perfect hydrates. 

Sulpfiuric acid, H 2 S0 4 , is formed by the combination of- its anhy- 
dride, S0 8 , and water, with the evolution of a large amount of heat ; 
the reaction S0 3 + H^O develops 21,300 heat units. The method of its 
preparation on a large scale, and most of the methods employed 
for its formation, are dependent on the oxidation of sulphurous 
anhydride, and the formation of sulphuric anhydride, which forms 
sulphuric acid under the action of water. The technical method of its 
manufacture has been described in Chapter VI. The acid obtained 
from the lead chambers contains a considerable amount of water, and 
is also impure owing to the presence of oxides of nitrogen, lead com- 
pounds, and certain impurities from the burnt sulphur which have 
come over in a gaseous and vaporous state (for example, arsenic com- 
pounds). For practical purposes, hardly any notice is taken of the 
majority of these impurities, because they do not interfere with its general 
qualities. Most frequently endeavours are only made to remove, as far 
as possible, all the water which can be expelled. 45 That is, the object 

44 Pyrosulphuric chloranhydride, or pyrosulphuryl chloride, S-.C^Cl.^, corresponds 
to pyrosulphuric acid, in the same way that eulphuryl chloride, SO-jCI?, corresponds 
to sulphuric acid. The composition 8,0 5 C1 2 = S0 2 C1 7 + SC S . It is obtained by the 
action of the vapour of sulphuric anhydride on sulphur chloride: S^Cl,,* r>SO- = 5SO a 
+ S^OjClj. It is also formed (and not sulphuryl chloride, SOjCl^, Michaelis) by the action 
of phosphorus penlachloride in excess on sulphuric acid (or its first chloranhydride, 
SHOjCl). It is an oily liquid, boiling at about 150°, and of sp. gr. 18. According to 
Konovaloff (Chapter VII.), its vapour density is normal. It should be noticed that the 
same substance is obtained by the action of sulphuric anhydride on sulphur tetrachloride, 
and also on carbon tetrachloride, and this substance is the last product of the raetalepsis 
of CH4, and therefore the conqfcirison of SCI, and S..C1 2 with products of mctalepsis (see 
later) also finds confirmation in particular reactions. Rose, who obtained pyrosulphuryl 
chloride, S.jO^Cla, regarded it as SCl fl ,5SO^, for at that time an endeavour was always 
made to find two component parts of opposite polarity, and this substance was cited as a 
proof of the existence of a hcxachloride, SCI,,, ryrosulphuryl chloride is decomposed by 
cold water, but more slowly than chlorosulphuric acid and the other chloranhydrides. 

The relation between pyrosulphuric acid and the normal acid will be obvious if we 
expiess the latter by the formula OH(SO-H), because the sulphonic group (SOjH) is 
then evidently equivalent to OH, and consequently to H, and if we replace both tho 
hydrogens in water by this radicle we shall obtain (S0 3 H) 2 — that is, pyrosulphuric acid. 

** The removal of the water, or concentration to almost the real acid, H3SO4, is 
effected for two reaaops : in the first place to avoid the expense o! transit (it is cheaper 

*11 
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is to obtain the hydrate, H 2 S0 4 , from the dilute acid (60 per cent.), 
and this is effected by evaporation by means of heat. Every given 
mixture of water and sulphuric acid begins to part with a certain 
amount of aqueous vapour when heated to a certain definite temperature. 
At a low temperature either there is no evaporation of water, or there 
can even be an absorption of moisture from the air. As the removal 
of the water proceeds, the vapour tension of the residue decreases for 
the same temperature, and therefore the more dilute the acid the lower 
the temperature at which it gives up a portion of its water. In con. 
sequence of this, the removal of water from dilute solutions of sulphuric 
acid may be easily carried on (up to 75 p.c. H 3 S0 4 ) in lead vessels, 




Fig. 87.— Concentration of sulphuric acid in glass retorts. The neck of each retort is attached to a 
bent glass tube, whose vertical arm is lowered into a glass or earthenware vessel acting as a 
receiver for the steam which cornea over from the acid, as the former atlll contains a certain 
amount of acid. 

because at low temperatures dilute sulphuric acid does not attack lead. 
But as the acid becomes more concentrated the temperature at which 
the water comes over becomes higher and higher, and then the acid 

to remove the water than to pay for its transit), and in the second place because many 
processes— for instance, the refining of petroleum— require a strong acid free from an 
excess of water, the weak acid having no action. When in the manufacture of chamber 
acid, both the Gay-Lussac tower (cold, situated at the end of the chambers) and the 
Glover tower (hot, situated at the beginning of the plant, between the chambers and 
ovens for the production of S0 2 ) are employed, a mixture of nitrose (i.e. the product of 
the Gay-Lussac tower) and chamber acid containing about 60 p.c. H 3 SO, is poured 
into the Glover tower, where under the action of the hot furnace gases containing 80* 
and the water held in the chamber acid (1) NjOj is evolved from the nitrose; (2) water 
is expelled from the chamber acid ; (3) a portion of the SO? is converted into H 2 80 4 ; 
and (4) the furnace gases are cooled. Thus, amongst other things, the Glover tower 
facilitates the concentration of the chamber acid (removal of H 3 0), but the product 
generally contains many impurities. 
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begins to act on lead (with the evolution of sulphuretted hydrogen and 
conversion of the lead into sulphate), and therefore lead vessels cannot 
be employed for the complete removal of the water. For this purpose 
the evaporation is generally carried on in glass or platinum retorts, like 
those depicted in tigs. 87 and 88. 

The concentration of sulphuric acid in glass retorts is not a con- 
tinuous process, and consists of heating the dilute 75 per cent, acid 
until it ceases to give off aqueous vapour, and until acid containing 
93-98 per cent. H 2 S0 4 (66° Baum6) is obtained — and this takes place 
when the temperature reaches 320° and the density of the residue 
reaches 1*847 (66° Baum6). 46 The platinum vessels designed for the, 




Fio. 88.— Concentration of sulphuric acid in platinum retorts. 

continuous concentration of sulphuric acid consist of a still b, furnished 
with a still head K, a connecting pipe E f, and a syphon tube H B, 
which draws off the sulphuric acid concentrated in the boiler. A stream 
of sulphuric acid previously concentrated in lead retorts to a density of 
about 60° Baume* — i.e. to 75 per cent, or a sp. gr. of 1*7 — runs con- 
tinuously into the retort through a syphon funnel s. The apparatus is fed 
from above, because the acid freshly supplied is lighter than that which 
has already lost water, and also because the water is more easily 
evaporated from the freshly supplied acid at the surface. The platinum 

*• The difficulty with which the last portions of water axe removed is seen from the 
tact that the boiling becomes very irregular, totally ceasing at one moment, then suddenly 
starting again, with the rapid formation of a considerable amount of steam, and at the 
same time bumping and eren overturning the vessel in which it is held. Hence it is not 
t> rare occurrence for the glass retorts to break during the' distillation ; this causes 
platinum retorts to be preferred, as the boiling then proceeds quite uniformly. 
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retort is heated, and the steam coming off 47 is condensed in a worm 
F G, whilst as fresh dilute acid is supplied to the boiler the acid already 
concentrated is drawn off through the syphon tube H b, which is 
famished with a regulating cock by means of which the outflow of the 
concentrated acid from the bottom of the retort can be so regulated 
that it will always present one and the same speci^c gravity, corre- 
sponding with the strength required. For this purpose the acid flowing 
from the syphon is collected in a receiver R, in which a hydrometer, 
indicating its density, floats ; if its density be less than 66° Baum6, 
the regulating cock is closed sufficiently to retard the outflow of sul- 
phuric acid, so as to lengthen the time of its evaporation in the retort. 48 

47 According to Rcgnault, the vapour tensions (in millimetres of mercury) of the 
water given off by the hydrates of sulphuric acid, HjSO^nHaO, i 
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According to Lunge, the vapour tension of the aqueous vapour given off from solutions 
of sulphuric acid containing p per cent H 2 S0 4 , at t°, equals the barometric pressure 
720 to 730 mm. 

j> = 10 20 30 40 50 60 70 80 85 90 95 

f = 102° 105° 106° 114° 124° 141° 170° 207° 233° 262° 295° 

The latter figures give the temperature at which water is easily expelled from solu- 
tions of sulphuric acid of different strengths. But the evaporation begins sooner, and 
concentration may be carried on at lower temperatures if a stream of air be passed 
through the acid. Kessler*s process is based upon this (Note 48). 

48 The greatest part of the sulphuric acid is used in the soda manufacture, in the 
conversion of the common salt into sulphate. For this purpose an acid having a 
density of 60 c Baume* is amply sufficient. Chamber acid has a density up to 1*57 = 50° to 
61 ' buunie ; it contains about 35 per cent, of water. About 15 per cent, of this water can 
be removed in leaden stills, and nearly all the remainder m/iy be expelled in glass or 
platinum vessels. Acid of 66° Baume", =1*847, contains about 9Cper cent, of the hydrate 
H2SO4. Tho density falls with a greater or less proportion of water, the maiimum 
density corresponding with 97$ per cent, of the hydrate H^SC^. The concentration of 
H 3 S0 4 in platinum retorts has the disadvantage that sulphuric acid, upwards of 90 
per cent, in strength, does corrode platinum, although but slightly (a few grams per tens 
of tons of acid). The retorts therefore require repairing, and the cost of the platinum 
exceeds the price obtained for concentrating* the acid from 00 per cent to 98 per cent (in 
factories the acid is not concentrated beyond this by evaporation in the air). This incon- 
venience has lately (1891, by Mathey) been eliminated by coating the inside of the' plati- 
num retorts with a thin (01 to 0*02 mm.) layer of gold which is 40 times less corroded by 
sulphuric acid than platinum. Negrier (1890) carries on the distillation in porcelain 
dishes, Blond by heating a thin platinum wire immersed in the acid by means of an 
electric current, but the most promising method is that of Kessler (1891), which consist* 
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Strictly speaking, sulphuric acid is not volatile, and at its so-called 
boiling-point ** it really decomposes into its anhydride and water ; its 
boiling-point (338°) being nothing else but its temperature of decom- 
position. The products of this decomposition are substances boiling 
much below the temperature of the decomposition of sulphuric acid. 
This conclusion with regard to the process of the distillation of sul- 
phuric acid may be deduced from Bineau's observations on the vapour- 
density of sulphuric acid. This density referred to hydrogen proved 
to be half that which sulphuric acid should have according to its 
molecular weight, H 2 S0 4 , in which case it should be 49, whilst the 
observed density was equal to 24*5. Besides which, Marignac showed 
that the first portions of the sulphuric acid distilling over contain less 
of the elements of water than the portion which remains behind, or 
which distils over towards the end. This is explained by the fact that 
on distillation the sulphuric acid is decomposed, but a portion of the 
water proceeding from its decomposition is retained by the remaining 
mass of sulphuric acid, and therefore at first a mixture of sulphuric 
acid and sulphuric anhydride — i.e. fuming sulphuric acid — is obtained 
in the distillate. It is possible by repeating the distillation several times 
and only collecting the first portions of the distillate, to obtain a 
distinctly fuming acid. To obtain the definite hydrate H 2 S0 4 it is 
necessary to refrigerate a highly concentrated acid, of as great a purity 
as possible, to which a small quantity of sulphuric anhydride has been 
previously added. Sulphuric acid containing a small quantity (a fraction 
of a per cent, by weight) of water only freezes at a very low temperature, 
while the pure normal acid, H 2 S0 4 , solidifies when it is cooled below 0°, 

In pausing hot air over sulphuric acid flowing in a tbin stream in stone vessels, so thai 
there is no boiling bat only evaporation at moderate temperatures : the transference of 
the heat is direct (and not through the sides of the vessels), which economises the fuel 
and prevents the distilling vessels being damaged. 

When, by evaporation of the water, sulphuric acid attains a density of 66° Baume* 
(sp. .gr. 1'84), it is imponsible to concentrate it further, because it then distils over 
unchanged. The dint illation of nulphuric acid is not generally carried on on a large 
scale, but form* a laboratory process, employed when particularly pure acid is required. 
The distillation is effected either in platinum retorts furnished with corresponding con- 
densers and receivers, or in glass retorts. In the latter case, great caution is necessary, 
because the boiling of sulphuric acid itself is accompanied by still more violent jerks and 
greater irregularity than even the evaporation of the last portions of water contained in 
the acid. If the glass retort which holds the strong sulphuric acid to be distilled be 
heated directly from below, it frequently jerks and breaks. For greater safety the 
heating is not effected from below, but at the sides of the retort. The evaporation then 
does not proceed in the whole mass, but only from the upper portions of the liquid, and 
therefore goes on much more quiotly. The toid may be made to boil quietly also by 
'surrounding the retort with good conductors of heat — for example, iron filings, or by 
immersing a bunch of platinum wires in the add, as the bubbles of sulphuric acid vapour 
then form on the extremities of the wire*. 



Digitized by 



Google 



240 PRINCIPLES OF CHEMISTRY 

and therefore the normal acid first crystallises oat from the concen 
trated sulphuric acid. By repeating the refrigeration several times 
and pouring off the unsolidified portion, it is possible to obtain a pure 
normal hydrate, HjSO^, which melts at 10 o, 4. Even at 40° it gives off 
distinct fumes — that is, it begins to evolve sulphuric anhydride, which 
volatilises, and therefore even in a dry atmosphere the hydrate H,S0 4 
becomes weaker, until it contains 1 \ p.c. of water. 49 

In a concentrated form sulphuric acid is commercially known as oil 
of vitriol, because for a long time it was obtained from green vitriol and 
because it has an oily appearance and flows from one vessel into another 
in a thick and somewhat sluggish stream, like the majority of oil/ 
substances, and in this clearly differs from such liquids as water, spirit, 
ether, and the like, which exhibit a far greater mobility. Among its 
reactions tha first to be remarked is its faculty for the formation of 
many compounds. We already know that it combines with its anhy- 
dride, and with the sulphates of the alkali metals ; that it is soluble in 
water, with which it forms more or less stable compounds. Sulphuric 
acid, when mixed with water, develops a very considerable amount of 
heat 50 

Besides the normal hydrate H 2 S0 4 , another definite hydrate, 

43 Thus it appears that so common, and apparently so stable, a compound as sul- 
phuric acid decomposes even at a low temperature with separation of the anhydride, but 
this decomposition is restricted by a limit, corresponding to the presence of about 1} p.c 
of water, or to a composition of nearly H a O,12H a S0 4 . 

Now there is no reason for thinking that this substance is a definite compound; 
it is an equilibrated system which does not decompose under ordinary circumstance* 
below 338°. Dittmar carried on the distillation under pressures varying between 80 and 
2,140 millimetres (of mercury), and he found that the composition of the residue hardly 
varies, and contains from 99 2 to 98 2 per cent, of the normal hydrate, although at 80 mm. 
the temperature of distillation is about 210 3 and at 2,140 mm. it is 382°. Furthermore, 
it is a fact of practical importance that under a pressure of two atmospheres the dis- 
tillation of sulphuric acid proceeds very quietly. 

Sulphuric acid may be purified from the majority of its impurities by distillation, if 
the first and last portions of the distillate be rejected. The first portions will contain, 
the oxides of nitrogen, hydrochloric acid, Arc, and the last portions the less volatile- 
impurities. The oxides of nitrogen may be removed by heating the acid with charcoal, 
which converts them into volatile gases. Sulphuric acid may be freed from arsenic by 
heating it with manganese dioxide and then distilling. This oxidises all the arsenic into 
non-volatile arsenic acid. Without a preliminary oxidation it would partially remain as 
volatile arsenious acid, and might pass over into the distillate. The arsenic may alto 
be driven off by first reducing it to arsenious acid, and then passing hydrochloric acid 
gas through the heated acid. It is then converted into arsenious chloride, which, 
volatilises. 

50 The amount of heat developed by the mixture of sulphuric acid with water it 
expressed in the diagram on p. 77, Volume L, by the middle curve, whose abecisass are 
the percentage amounts of acid (HjSOJ in the resultant solution, and ordiuates the num- 
ber of units of heat corresponding with the formation of 100 cubic centimetres of the sola* 
tion (at 18°). The calculations on which the curve is designed are baaed on Thomjea't 
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H a S0 4 ,H 2 (84*48 per cent, of the normal hydrate, and 15*52 per cent, 
of water) is known ; it crystallises 50 ^ extremely easily in large six- 
determinations, which show that 98 grams or a molecular amount of sulphuric acid, in 
combining with m molecules of water (that is, with m 18 grams of water), develop the 
following riumber of units of heat, R :— 



m *■ 1 


2 


3 


5 


9 


19 


49 


100 


200 


R * 6379 


9418 


11187 


18108 


14952 


16256 


16684 


16859 


17066 


c =»<H82 


0-470 


0500 


0'676 


0701 


0821 


0-914 


0*954 


0-975 


T = 127° 


149° 


146° 


121° 


82° 


45° 


19° 


9° 


5° 



c stands for the specific heat of H a S0 4 mH 2 (according to Marignac and Pfaundler), 
And T for the rise in temperature which proceeds from the mixture of H3SO4. with mH a 0. 
The -diagram shows that contraction and rise of temperature proceed almost parallel . 
•with each other. 

80 bU Pickering (1890) showed (a) that dilute solutions of sulphuric acid containing 
Vp to H^Ov+lOHjO deposit ice (at -0°12 when there is 2,000 H 2 per HaBO^at -0°'23 
when there is l,000H 2 O, at -l°-04 when there is 200H 2 O, at -2 0, 12 when there is 
100H a O, at - 4°-5 when there is 50H 2 O, at - 15°*7 when there is 2011,0, and at - 61° when 
the composition of the solution is H 2 SO 4 + 10H 2 O); (6) that for higher concentrations 
crystals separate out at a considerable degree of cold, having the composition 
H 2 S0 4 4H 2 0, which melt at — 24°*5, and if either water or H 2 S0 4 be added to this com- 
pound the temperature of crystallisation falls, so that a solution of the composition 
12H 2 SO 4 + 100H 2 O gives crystals of the above hydrate at -70°, 15H a SO 4 +100H a O 
at - 47°, 80H 2 SO 4 + 100H a O at - 82°, 40H 2 SO 4 + 100H 2 O at - 52° ; (c) that if the amount 
of H 2 S0 4 be still greater, then a hydrate H 2 S0 4 H 2 separates out and melts at +8°*5, 
while the addition of water or sulphuric acid to it lowers the temperature of crystallisa- 
tion so that the crystallisation of H a S0 4 H 2 from a solution of the composition 
Ha£0 4 + 1'73H 2 takes place at -22/, H a S0 4 + l-5H a O at -6° 5, H a S0 4 +l-2H a O a* 
+ 3°-7, H a SO 4 + 0-75H a O at +2°*8, H 2 SO 4 + 0*5H a O at -16°; {d) that- when there is 
less than 40H 2 O per 100H a SO 4 , refrigeration separates out the normal hydrate H 2 S0 4 , 
which melts at + 10°"S5, and that a solution of the composition H,SO 4 + 0'85H a O deposits 
crystals of this hydrate at -34°, H 2 SO 4 + 010H 2 O at -4°i, H 2 SO 4 + 005H a O at 
+ 4°'9, while fuming acid of the composition H 2 S0 4 + 005SO 5 deposits H 2 S0 4 at about 
+ 7°. Thus the temperature of the separation of crystals clearly distinguishes the 
above four regions of solutions, and in the space between H i S0 4 + H 2 and +25H 2 
a particular hydrate H 2 S0 4 4H 2 separates out, discovered by Pickering, the isolation 
of which deserves full attention and further research. I may add here that the existence 
of -a hydrate H 2 S0 4 4H a O was pointed out. in my work, 27*e Investigation of Aqueous 
Solutions, p. 120 (18S7), upon the basis that it has at all temperatures a smaller Value 
for the coefficient of expansion k in the formula St = 80 (1 - kt) than the adjacent 
(in composition) solutions of sulphuric acid. And for solutions approximating to 
H a SO 4 10H 2 O in their composition* k is. constant at all temperatures (for more dilute 
solutions the value of k increases with t and for more concentrated solutions it decreases). 
This solution (with 10H 2 O) forms the point of transition between more dilute solutions 
which deposit ice (water) when' refrigerated and those which give crystals of H a S0 4 4H a O* 
According to R. Pictet (1894) the solution H a S0 4 10H a O freezes at -88° (but no 
reference is made as to what separates out), i.e. at a lower temperature than all the 
other solutions of sulphuric acio^. However, in respect to these last researches of 
R. Pictet (for 8888 p.c. H 2 80 4 -55°, for H 2 S0 4 H 2 +35°, for H 2 S0 4 2H a O -70°, for 
H 2 S0 4 4H a O - 40°, &o.) it should be remarked that they offer some quite improbable 
data ; for example, for rX,S0 4 75H 2 6 they give the freezing point as 0°, for H a SO 4 300H 2 O 
•f 4°-5, and even'for H a 8O 4 1000H 2 O + 0°-5, although it is v.ell known that a small amount 
of sulphuric acid lowers the temperature of the formation of ice. I have found by direct 
experiment that a frozen solidified solution oi-H 2 SO 4 -h300H a melted, completely at 0°. 
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sided prisms, which form above 0° — namely, at about +8 0, 5 j when 
heated to 210° it loses water. 51 If the hydrates H 2 S0 4 and H 2 S0 4 ,H 2 O 
exist at low temperatures as definite crystalline compounds, and if 
pyrosulphuric acid, H2SO4SO3, has the same property, and if they all 
decompose with more or less ease on a rise of temperature, with the 
disengagement of either S0 3 or H 2 0, and in their ordinary form 
present all the properties of simple solutions, it follows that between 
sulphuric anhydride, S0 3 , and water, H 2 0, there exists a con- 
secutive series of homogeneous liquids or solutions, among which we 
must distinguish definite compounds, and therefore it is quite justifiable 
to look for other definite compounds between S0 3 and H 2 0, beyond the 
conditions for a change of state. In this respect we may be guided by 
the variation of properties of any kind, proceeding concurrently with a 
variation in the composition of a solution. 

But only a few properties have been determined with sufficient 
accuracy. In those properties which have been determined for many 
solutions of sulphuric acid, it is actually seen that the above-mentioned 
definite compounds are distinguished by distinctive marks of change. 
As an example we may cite the variation of the specific gravity with a 
variation of temperature (namely K=ds/dt, if 8 be the sp. gr. and t the 
temperature). <For the normal hydrate, H 2 S0 4 , this factor is easily 
determined from the fact that — 

5=18528— 10-65* + 0-013* 2 , 

where 8 is the specific gravity at t (degrees Celsius) if the sp. gr. of 
water at 4°=10,000. Therefore K=-rt0*65— 0*026*. This means that 
at 0° the sp. gr. of the acid H 2 S0 4 decreases by 10*65 for every rise of 
a degree of temperature, at 10° by 10*39, at 20° by 10-13, at 30° by 
D'S?.** And for solutions containing slightly more anhydride than 
the acid H 2 S0 4 (i.e. for fuming sulphuric acid), as well as for solutions 
containing more water, K is greater than for the acid H 2 S0 4 . Thus for 
the solution S0 3 ,2H 2 S0 4 , at 10° K=110. On diluting the acid H x S0 4 

" With an excess of snow, the hydrate H 2 90 4 ,H a O, like the normal hydrate, gives a 
freezing mixture, owing to the absorption of a large amount of heat (the latent heat 
of fusion). In melting, the molecule H>S0 4 absorbs 960 heat units, and the molecule 
H 2 S0 4 H 3 3,680 heat units. If therefore we mix one gram molecule of this hydrate 
with seventeen gram molecules of snow, there is an absorption of 18,080 heat units, 
because 17H 2 absorbs 17 * 1,430 heat units, and the combination of the monohydraie 
with water evolves 9,800 heat units. As the specific heat of the resultant compound 
H 2 S0 4 ,18H,0 » 0-818, the fall of temperature will be - 62°6. And, in fact, a very 
low temperature may be obtained by means of sulphuric acid. 

M For example, if it be taken that at 19° the sp, gr. of pure sulphurio aoidja 1*8880, 
then at 20° it is 1*8830- (20 -19)1018- 1*8820. 
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K again increases until the formation of the solution H,S0 4 ,H,0 
(K=ll*l at 10°), and then, on further dilution with water, it again 
decreases. Consequently both hydrates H 2 S0 4 and H 2 S0 4 ,H 2 are 
here expressed by an alteration of the magnitude of K. 

This showsthat in liquid solutions it is possible by studying the 




FlO. 89.— Diagmm showing the variation of the factor (dstdp) of the specific gravity of solutions of 
sulphuric acid. The percentage quantities of the acid, H,SO„ are laid out on the axes of ubscissas. 
The ordinate* are the factors or rises in so. gr. (water at 4 = 10,000) with the increase in the 
quantity of H.SO,. 

variation of their properties (without a change of physical state) to 
recognise the presence or formation of definite hydrate compounds, 
and therefore an exact investigation of the properties of solutions, of 
their specific gravity for instance, should give direct indications of such 
compounds. 53 The mean result of the most trustworthy determinations 

M Unfortunately, notwithstanding the great number of fragmentary and systematic 
researches which have been made (by Parks, Ure, Bineau, Kolbe, Lunge, Marignac, 
Kremers, Thomsen, Perkin, and othera) for determining the relation between the sp. gr. 
And composition of solutions of sulphuric acid, they contain discrepancies which amount 
to, and even exceed, 0*002 in the sp. gr. For instance, at 15°'4 the solution of compoai- 
tfon HjSO^HaO has a sp. gr. 15493 according to Perkin (1880), 15501 according to 



Digitized by 



Google 



244 PRINCIPLES OF CHEMISTRY 

of this nature is given in the following tables. The first of these tables 
gives the specific gravities (in vacuo, taking the sp. gr. of water at 
4°=1), at 0° (column 3), 15° (column 4), and 30° (column 5), M "» f or 
solutions having the composition H 2 S0 4 + nH a O (the value of n is 
given in the first column), and containing p (column 2) per cent, (by 
weight in vacuo) of H 2 S0 4 . Mtrl 

o° 

1-0374 

1-0717 

11337 

1-2040 

1-2758 

1-3223 

1-3865 

1-4301 

1-4881 

1-5635 

1-6648 

1-7940 

1-8445 

1-8529 

dickering (1890), and 1*5525 according to Lunge (1890). The cause of these die* 
erepancies must be looked for in the methods employed for determining the composition 
of the solutions — i.e. in the inaccuracy with which the percentage amount of H 2 80 4 is 
determined, for a difference of 1 p.c. corresponds to a difference of from 0*0070 (for very 
weak solutions) to 00118 (for a solution containing about 78 p.c.) in the specific gravity (thai 
is the factor dsjdp) at 15°. As it is possible to determine the specific gravity with an 
accuracy even exceeding 0*0002, the specific gravities given in the adjoining tables an 
only averages and most probable data in which the error, especially for the 80 — 80 p.c. 
solutions cannot be less than 0*0010 (taking water at 4° as 1). 

w bu Judging from the best existing determinations (of Marignac, Kremers, and 
Pickering) for solutions of sulphuric acid (especially those containing more than 5 pA 
H 2 80 4 ) within the limits of 0° and 80° (and even to 40 c ), the variation of the sp. gr. with 
the temperature / may (within the accuracy of the existing determinations) be perfectly 
expressed by the equation S< = S + At + Tit'. It must be added that (1) three specifio 
gravities fully determine the variation of the density with (; (2) d*/cft = A + 2B< — i*. the 
factor of the temperature is expressed by a straight line ; (3) the value of A (if p be 
greater than 5 p.c.) is negative, and numerically much greater than B ; (4) the value of 
B for dilute solutions containing less than 25 p.c. is negative; for solutions approximating 
to H 2 S0 4 8HjO in their composition it is equal to 0, and for solutions of greater con- 
centration B is positive ; (5) the factor dsjdp for all temperatures attains a maximum 
value about H-jS0 4 H 7 ; (6) on dividing ds/dt by S<>, and so obtaining the coefficient of 
expansion k (see Note 53), a minimum is obtained near H 2 S0 4 and H,S0 4 4H^O, and a 
maximum at H2SO4H3O for all temperatures. 

M trt These data (as well as those in the following table) have been recalculated by 
me chiefly upon the basis of Kremer's, Pickering's, Perlrin**, and my own determinations i 
all the requisite corrections have been introduced, and I have reason for thinking that 
in each of them the probable error (or difference from the true figures, now unknown) of 



n 


p 


100 


516 


50 


9-82 


25 


17-88 


15 


26-63 


10 


35-25 


8 


40-50 


6 


47-57 


5 


5213 


4 


57-65 


3 


64-47 


2 


7313 


1 


84*48 


0-5 


91-59 


H 2 S0 4 


100 



15° 


80° 


1-0341 


10295 


10666 


10603 


11257 


11173 


11939 


11837 


1-2649 


1-2540 


1-3110 


1-2998 


1-3748 


1-3622 


1-4180 


1-4062 


1-4755 


1-4631 


1-5501 


1-5370 


L-6500 


1-6359 


1-7772 


1-7608 


1-8284 


1-8128 


1-8372 


1-8221 
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in the second table the first column gives the percentage amount p 
(by weight) of H 2 S0 4 , the second column the weight in grams (S l5 ) 
of a litre of the solution at 15° (at 4° the weight of a litre of water 
ss 1,000 grams), the third column, the variation (dS/dt) of this weight for 
a rise of 1°, the fourth column, the variation dS/dp of this weight (at 
15°) for a riso*of 1 per cent, of H 2 S0 4 , the fifth column, the difference 
between the weight of a litre at 0° and 15° (S — S 15 ), and the sixth 
column, tho difference between the weight of a litre at 15° and 30° 
(S I5 -S 3 o). ; 



p 


Sl5 


dBjdt 


dSJdp 


S - 5> I4 


£» - *$*> 





999-15 


0-148 


7-0 


0-7 


3-4 


5 


1033-0 


0-27 


6-8 


31 


50 


10 


1067-7 


0-38 


71 


5-2 


6-4 


20 


1141-9 


0-58 


7-7 


8-6 


8-9 


30 


1221-3 


0-69 


8-2 


10-4 


10-4 


40 


1306-6 


0-75 


8-8 


11-3 


11-2 


50 


1397-9 


0-79 


9-9 


11-9 


11-8 


60 


1501-2 


0-86 


10-8 


13-0 


12-7 


70 


16131 


0-93 


11-6 


141 


13-8 


80 


1731-4 


1-04 


110 


15-8 


15-4 


90 


1819-9 


1-08 


5-4 


16-4 


16-0 


95 


1837-6 


103 


+ 1-7 


15-8 


151 


100 


1837-2 


103 


-1-9* 


15-7 


151 



The figures in these tables give the means of finding the amount 
of H 2 S0 4 contained in a solution from its specific gravity, 55 and also 
show that * special points ' in the lines of variation of the specific gravity 
with the temperature .and percentage composition correspond to certain 
definite compounds of H 2 S0 4 with OH 2 . This is best seen in the 
variation of the factors (dS/dt and dS/dp) with the temperature and 

the specific gravity does not exceed ±0*0007 (if water at 4° = 1) for the 25—80 p.c. solu- 
tions, and ±0*0002 for the more dilate or concentrated solutions. 

44 The factor dSjdp passes through 0, that is, the specific gravity attains a maximum 
value at about 98 p.c. This was discovered by Kohlrausch, and confirmed by Chertel 
Pickering, and others. 

** Naturally under the condition that there is no other ingredient besides water, 
which is sufficiently true. For commercial acid, whose specific gravity is usually expressed 
in degrees of~Baume"s hydrometer, we may add that at 15° 

Specific gravity 1 11 1*2 1*8 1*4 15 1*6 1*7 1*8 

Degree Baume* 13 24 833 412 481 641 69'5 64*2 

66° Baume (tho strongest commercial acid or oil of vitriol) corresponds to a sp. gr. 1*84. 

By employing the second table (by the method of interpolation) the specific gravity, 
at a given temperature (from 0° to 80°) can be found for any percentage amount of 
H 3 SO , and therefore conversely the percentage of H a S0 4 can bo found from the specifio 
gravity. 
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composition (columns 3, 4, second table). We have already mentioned 
how the factor of temperature points to the existence of hydrates, 
H,S0 4 and H r S0 4 H,0. As regards the factor d&,'dp (giving the 
increase of sp. gr. with an increase of 1 per cent. H, S0 4 ) the following 
are the three most salient points : (I) In passing from 98 per cent to 
100 per cent the factor is negative, and at 100 per cent about —0*0019 
(i«. at 99 per cent the sp. gr. is about 1*8391, and at 100 per cent 
about 18372, at 15°, the amount of H,SO, has increased whilst the 
sp. gr. has decreased), but as soon as a certain amount of SO, is 
added to the definite compound H,S0 4 (and 'fuming* acid formed) 
the specific gravity rises (for example, for HjSC^ 0*136 S0 3 the sp. gr. 
at 15° =1*866), that is the factor becomes positive (and, in fact, greater 
by +001), ao that the formation of the definite hydrate HjS0 4 is 
accompanied by a distinct and considerable break in the continuity 
of the factor WbU ; (2) The factor (dS,'dp) in increasing in its passage 
from dilute to concentrated solutions, attains a maximum value (at 15° 
about 0012) about H^SO^HjO, ie. at about the hydrate corresponding 
to the form SX 6 proper to the compounds of sulphur, for S(OH) 4 
=H 2 S0 4 2H 2 ; the same hydrate corresponds to the composition of 
gypsum CaS0 4 2H,0, and to it also corresponds the greatest contraction 
and rise of temperature in mixing H,S0 4 with H,0 (see Chapter L t 
Note 28) ; (3) The variation of the factor (dS/dp) under certain varia- 
tions in the composition proceeds so uniformly and regularly, and is so 
different from the variation given under other proportions of H,S0 4 and 
H,0, that the sum of the variations of dS/dp is expressed by a series 
of straight lines, if the values of p be laid along the axis of absciss* 
and those of dS/dp along the ordinates.* Thus, for instance, for 15°, at 

** bta Whether similar (even small) breaks in the continuity of the factor dS dp 
exist or not, for other hydrates i for instance, for H7SO.4H.2O and H-jSO^HjO) cannot as 
yet be affirmed cxing to the want of accurate data (Note 53). In my investigation of 
this subject (l^ST) I admit their possibility, but only conditionally; and now, without 
insisting upon a similar opinion, I only held to the existence of a distinct break in the 
factor at H.;SO<, being guided by C. Winkler's observation* on the specific gravities of 
fuming sulphuric acid. 

* 6 In ltvsT, on considering all the existent observations for a temperature 0°, I gaws 
the accompanying scheme I p. 243) of the variation of the factor ds dp at 0°. 

I did not then(l*^7t gne this scheme an absolute valne, and now after the appearance 
of two series of new detenni nations (Lunge and Pickering in 1890> T which disagree in 
many joints, I think it well to state quite clearly : lit that Lunge's and Pickering*! new 
determinations have not added to the accuracy of our data respecting the variation of 
the specific gravity of solutions of sulphuric acid ; (2) that the sum total of existing data 
does not negative (within the limit of experimental accuracy) the possibility of arectflinea* 
and broken form for the factors ds dp; (6> that the supposition of 'special points' in 
ds dp, indicating definite hydrates, finds confirmation in all the latest determinations ; 
(4) that the supposition respecting the existence of hydrates determining a bveak of 
the factor d$ dp is in no way altered if, instead of a series of broken straight lines, I 
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10 per cent. dS /<*;>= 0*0071, at 20 pei» cent. =00077, at 30 per cent 
t= 00082, at 40 per cent. =0*0088, that is, for each 10 per cent, the 
factor increases by about 0*0006 for the whole of the above range, but 
•beyond this it becomes larger, and then, after passing HaSO^HjO, 
it begins to fall rapidly. Such changes in the variation of the factor 
take place apparently about definite hydrates, 56 w " and especially 
about H a S0 4 4H 2 0, H 2 S0 4 2H 2 and H 2 S0 4 H 2 0. All this indicating 
as it does the special chemical affinity of sulphuric acid for water, 
although of no small significance for comprehending the nature of solu- 
tions (see Chapter I. and Chapter VII.), contains many special points 
which require detailed investigation, the chief difficulty being that it 
requires great accuracy in a large number of experimental data. 

The great affinity of sulphuric acid for water is also seen from 

be a continuous aeries of curves, nearly approaching straight lines , and (5) that this 
•object deserves (as I mentioned in 1887) new and careful elaboration, because it concerns 
that foremost problem in our science — solutions — and introduces a special method into it 
— thai is, the study of differential variations in a property which is so easily observed 
as the specific gravity of a liquid. 

*«*»• These hydrates are: (a) ^SO^SOjHjO (melts at + 10 o, 4); (6) H a 80 4 H^) 
-SO^H^O (crystallo-hydrate, melts at +8°5); (c) H?S0 4 2H 2 (is apparently not 
erystallisable) ; (d) one of the hydrates between H 2 SO 4 0H i O and H 2 S0 4 3H 2 0, most 
probably H 2 S0 4 4H a O = S0 5 5H 2 0, for it crystallises at -l24°-5(Note 50 bis); and (e) a 
certain hydrate with a large proportion of water, about H_»SO 4 150HoO. The existence 
Of the last is inferred from the fact that the factor (hi dp first falls, starting from water, and 
then rises, and this change takes place when p is less than 5 p.c. Certainly a change in the 
variation of dsjdp or dsdt does tako place in the neighbourhood of these five hydrates 
(Pickering, 1890, recognised a for greater number of hydrate*). I think it well to add 
that if the composition of the solutions be expressed by the percentage amount of 
molecules— r t S0 5 + (100- r,)H a O we find that for H.jS0 4 , ^ = 50, for H 3 S0 4 21LaO r L 
-26 = 50/2, for H 2 SO,H 2 0, ri-83383 = 50 $, while for H 4 S0 4 4H 2 0, r x = 16666 « 5(rJ--t.e. 
that the chief hydrates are distributed symmetrically between H 2 and H 2 SO,. Besides 
which I may mention that my researches (1887) upon the abrupt changes in the factor 
lor solutions of sulphuric acid, and upon the correspondence of the breaks of ds'dp with 
definite hydrates, received an indirect confirmation not only in the solutions of HNOj, 
HC1, C 2 H„0, CjHaO, Arc, which I investigated (in my work cited in Chapter I., Note 19), 
but also in the careful ooservations made by Professor Cheltzoff on the solutions of FeClj 
and ZnCl 2 (Chapter XVI., Note 4) which showed the existence in these solutions of 
an almost similar change in ds/dp as is found in sulphuric acid. The detailed researches 
(1893) made by Tourbaba on the solutions of many organic substances are of a similar 
nature. Besides which, H. Crompton (1888), in his researches on the electrical con- 
ductivity of solutions of sulphuric acid, >nd Tammann, in his observations on their 
vapour tension, found a correlation with t\\e hydrates indicated as above by the in- 
vestigation of their specific gravities. The influence of mixtures of a definite composition 
npon the chemical relations of solutions is even exhibited in such a complex process as 
electrolysis. V. Kouriloff (1891) showed that mixtures containing about 3 p.c., 47 p.c 
and 78 p.c. of sulphuric acid — i.e. whose composition approaches that of the hydrate* 
H4SO4I5OH4O, H^S0 4 6H 2 and H 2 S0 4 2H 2 — exhibit certain peculiarities in respect to 
the amount of peroxide of hydrogen formed during electrolysis. Thus a 8 p.c solution 
gives a mr^r*"™ amount of peroxide of hydrogen at the negative pole, as compared with 
that given by other neighbouring concentrations. 8tarting from 8 p.c, the formation of 
peroxide of hydrogen ceases until a concentration of 47 p*. is reached. 
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the face tLit *s#si th* ^rxi fcnd acta oa the uajoritT of organic 
m*kiiz*/5u • o-'^'-^j hjdr:e?a aad cxypfn. especially on heating) it 
▼err ^.rc*^.- *il<i# *y 'i-;*e +o*tr'?iu ;» f v /* -m cj water. Thus 
strctz jc'rn-ri: acid uriiz -s. aIeoc,«:i. C.H.O. redoxes the elements 
or* water fr.c it, ar-i e^i-ers rt into oJediac gas, CjH,. It acts in a 
similar 1-ar.orr en »:*:d and cdier veg-etabie tissue*, which it chars. 
If a piece :£ »:d be iziniersei in strccg s^IpL^ric acid it turns Wack. 
Tha 13 rj*xir.$ to the £act that the wood contains carbohydrates which 
give up hjd;ozen and oxygen as water to the sulphuric acid, leaving 
charcoal, or a black mass very rich in it. For example, cellulose, 
C 4 fl ; -0,, a*'X» La this rr.apner.* 7 

We have already had frequent occasion to notice the very 
energetic acid properties of snip h arte acid, and therefore we wiU now 
only consider a few of .-their aspects. First of all we must remember 
that, with calcium, strontium, and especially with barium and lead, 
sulphuric acid forms very slightly soluble salts, whilst with the 
majority of other metals it gives more easily soluble salts, which in the 
majority of cases are able, like sulphuric acid itself, to combine with 
water to form crystallo- hydrates. Normal sulphuric acid, containing 
two atoms of hydrogen, in its molecule, is able for this reason alone 
to form two classes of salts, norma! and acid, which it does with great 
facility vAth tht a/kali metals. The metals of the alkaline earths 
and the majority of other metals, if they do form acid sulphates, do so 
under exceptional conditions (with an excess of strong sulphuric acid), 
and these salts when formed are decomposable by water — that is, 
although having a certain degree of physical stability they have no 
chemical stability. Besides the acid salts RHS0 4 , sulphuric acid also 
gives other forms of acid salts. An entire series of salts having the 
composition RHS0 4 ,H 2 S0 4 , or for bivalent metals RS0 4 ,3H a S0 4 ,*» 
has been prepared. Such salts have been obtained for potassium, 
sodium, nickel, calcium, silver, magnesium, manganese. They are pre- 

6T Cellulose, for instance unsized paper or calico, is dissolved by strong snlphurio 
acid. Acid diluted with about half its volume of water converts it (if the action be of 
short duration) into vegetable parchment (Chapter I., Note 18). The action of dilate 
solutions of sulphuric acid converts it into hydro-cellulose, and the fibre loses its coherent 
quality and becomes brittle. The prolonged action of strong sulphuric acid chars the 
oelluloso while dilute acid converts it into glucose. If sulphuric acid be kept in an open 
▼4'«»el, the organic matter of the dust held in the atmosphere falls into it and blackens the 
aoid. The same thing happens if nulphuric acid be kept in a bottle closed by a cork ; the 
cork becomes charred, and the acid turns black. However, the chemical properties of 
tho acid undergo only a very slight change when it turns black. Sulphuric acid which it 
considerably diluted with water does not produce the above effects, which clearly show* 
their dependence on the affinity of the sulphuric acid for water. It is evident from the 
preceding that utrong sulphuric acid will act as a powerful poison ; whilst, on the other 
hand, when very dilute it is employed in certain medicines and as a fertiliser for plants. 
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pared by dissolving the sulphates in an excess of sulphuric acid and 
heating the solution until the excess of sulphuric acid is driven off ; 
on cooling, the mass solidifies to a crystalline salt. Besides which, 
Rose obtained a salt having the composition NajSO^NaHSO^ and if 
HNaS0 4 be heated it easily forms a salt Na,S a 7 == Na,S0 4 ,S0 3 ; 
hence it is clear that sulphuric anhydride combines with various pro- 
portions of bases, just as it combines with various proportions of 
water. 

We have already learned that sulphuric acid displaces the acid from 
the salts of nitric, carbonic, and many other volatile acids. Berthollet's 
laws (Chapter X.) explain this by the small volatility of sulphuric 
acid ; and, indeed, in an aqueous solution sulphuric acid displaces the 
much less soluble boric acid from its compounds— for instance, from 
borax, and it also displaces silica from its compounds with bases , but 
both boric anhydride and silica, when fused with sulphates, decompose 
them, displacing sulphuric anhydride, S0 8 , because they are less 
volatile than sulphuric anhydride. Jt is also well known that with 
metals, sulphuric acid forms salts giving off hydrogen (Fe, Zn, &a), or 
sulphur dioxide (Cu,Hg, Ac.). 58 w " 

The reactions of sulphuric acid with respect to organic substance* 
are generally determined by its acid character, when the direct ex- 
traction of water, or oxidation at the expense of the oxygen of the 
sulphuric acid, 59 or disintegration does not take place. Thus the 
majority of the saturated hydrocarbons, C„H 2m , form with sulphuric 
acid a special class of sulpJionic acids, CJHa^^HSC^) ; for example, 

18 Weber (1884) obtained a series of salts R,0,8SO s «H a O for K, Rb, Cs, and Tl. 

** uu Ditte (1890) divides all the metals into two groups with respect to sulphurio 
acid ; the first group includes silver, mercury, copper, lead, and bismuth, which are only 
acted upon by hot concentrated acid. In this case sulphurous anhydride is evolved 
without any bye- reactions. The second group contains manganese, nickel, cobalt, iron, 
cine, cadmium, aluminium, tin, thallium, and the alkali metals. They react with sul* 
phuric acid of any concentration at any temperature. At a low temperature hydrogen is 
disengaged, and at higher temperatures (and with very concentrated acid) hydrogen and 
sulphurous anhydride are simultaneously evolved. 

M For example, the action of hot sulphuric acid on nitrogenous compounds, at 
applied in Kjeldahl's method for the estimation of nitrogen (Volume I. p. 249). It it 
obvious that when sulphuric acid acts as an oxidising agent it forms sulphurous anhydride. 

The action of sulphuric acid on the alcohols is exactly similar to its action on 
alkalis, because the alcohols, like alkalis, react on acids ; a molecule of alcohol with a 
molecule of sulphuric acid separates water and forms an acid ethereal salt — that it 
there is produced an ethereal compound corresponding with acid salts. Thus, for 
example, the action of sulphuric acid, H 2 S0 4 , on ordinary alcohol, C 2 H & OH, gives water 
and sulphovinio acid, C5H5HSO4 — that is, sulphuric acid in which one atom of hydrogen 
is replaced by the radicle C,H 5 of ethyl alcohol, SO s (OH)(OC*H } ), or, what is the taint 
thing, the hydrogen in alcohol is replaced by the radicle (sulphoxyl) of sulphurio aci<V 
CtHftO'BO^OH). 
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benzene, C 6 H C , forms benzenesulphonic acid, C 6 H 5 S0 3 H, water being 
separated, for the formation of which oxygen is taken up from the 
sulphuric acid, for the product contains less oxygen than the sulphuric 
acid. It is evident from the existence of these acids that the hydrogen in 
organic compounds is replaceable by the group SO a H, just as it may be 
replaced by the radicles CI, N0 2 , C0 2 H and others. As the radicle 
of sulphuric acid or sulphoxyl, S0 2 OH or SH0 3 , contains, like carboxyl 
(Vol. I., p. 395), one hydrogen (hydroxyl) of sulphuric acid, the 
resultant substances are acids whose basicity is equal to the number 
of hydrogens replaced by sulphoxyl. Since also sulphoxyl takes the 
place of hydrogen, and itself contains hydrogen, the sulpho-acids are 
equal to a hydrocarbon + SOj, just as every organic {carboxylic) acid 
is equal to a hydrocarbon + C0 2 . Moreover, here this relation corre- 
sponds' with actual fact, because many sulphonic acids are obtained 
by the direct combination of sulphuric anhydride : C 6 H 5 (S0 3 H) 
s» C 6 H 6 + SO a . The sulphonic acids give soluble barium salts, and 
are therefore easily distinguished from sulphuric acid. They are- 
soluble in water, are not volatile, and when distilled give sulphurous 
anhydride (whilst the hydroxyl previously in combination with the 
sulphurous anhydride remains in the hydrocarbon group ; thus phenol, 
C 6 H s OH, is obtained from benzenesulphonic acid), and they are very 
energetic, because the hydrogen acting in them is of the same nature as 
in sulphuric acid itself. 60 

Sulphuric acid, as containing a large proportion of Oxygen, is a 

<*> We will mention the following difference between the buI phonic acids and the 
ethereal acid sulphates (Note 59) : the former re-form sulphuric acid with difficulty and 
the latter easily. Thus sulphovinic acid when heated with an excess of water is recon- 
verted into alcohol and sulphuric acid. This is explained in the following manner . Both 
these classes of acids are produced by the substitution of hydrogen by 80 \H, or the 
univalent radicle of sulphuric acid, but in the formation of ethereal acid sulphates the 
SOjH replaces the hydrogen of the hydroxyl in the alcohol, whilst in the formation of 
the Bulphonic acids the SO5H replaces the hydrogen of a hydrocarbon. This difference 
is clearly evidenced in the existence of two acids of the composition SOjCaHg. The one, 
mentioned above, is sulphovinic acid or alcohol, C 2 H 6 OH, in which the hydrogen of the 
hydroxyl is replaced by sulphoxyl = CjHj'OSOjH, whilst the other is alcohol, in which 
one atom of "the hydrogen in ethyl, C a H 6 , is replaced by the sulphonic group— that it 
«= (C 2 H 4 )S0 3 HOH. The latter is called isethionic acid. It is more stable than sulpho- 
vinic acid. The details as to these interesting compounds must be looked for in works on 
organic chemistry, but I think it necessary to note one of the general methods of formation 
of these acids. The sulphites of the alkalis— for example, K 2 SOj— when heated with the 
halogen products of metalepsis, give a halogen salt and a salt of a sulphonic acid. Thus 
methyl iodide, CH 3 I, derived from marsh gas, CH 4 , when heated to 100° with a solution 
of potassium sulphite, K?SO s , gives potassium iodide, KI, and potassium raethylsul- 
phonate CH 5 $0 3 K— that is a salt of the sulphonic acid. This shows that the sulphonic 
acid may be referred to sulphurous acid, and that there is a resemblance between sul- 
phuric and sulphurous acid, which clearly reveals itself here in the formation of one 
product from them both. 
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substance which frequently acts as an oxidising agent : in which case 
it is deoxidised, forming sulphurous anhydride and water (or even, 
although more rarely* sulphuretted hydrogen, and sulphur). Sulphuric 
acid acts in this manner on charcoal, copper, mercury, silver, organio 
and other substances* which are unable to evolve hydrogen from it 
directly, as we saw in describingjsulphurous anhydride. 

Although the hydrate of a higher saline form of oxidation (Chapter 
XV.), sulphuric anhydride is capable of further oxidation, and forma a 
kind of peroxide, just as hydrogen gives hydrogen peroxide in addition 
to water, or as sodium and potassium, besides tho oxides Na a O and 
K a O, give their peroxides, compounds which are in a chemical scnce 
unstable, powerfully oxidising, and not directly able to enter into saline 
combinations. If the oxides of potassium, barium, <fec., be compared 
to water, then their peroxides must in like manner correspond to 
hydrogen peroxide, 6 , 1 not only because the oxygen contained in them 
is very mobile and easily liberated, and because their reactions are 
similar, but also because they can be mutually transformed into each 
other, and are able to form compounds with each other, with bases 
and with water, and indeed form a kind of peroxide salts. 62 This 
is also the character of -persulphuric acid, discovered in 1878 by 
Berthelot, and J ts corresponding anhydride or peroxide of sulphur S 2 7 . 
It is formed from 2S0 3 + with the absorption of heat ( — 27 
thousand heat units), like ozone from 2 + ( — 29 thousand units of 
heat), or hydrogen peroxide from H 2 + O ( — 21 thousand heat units). 

Peroxide of sulphur is produced by the action of a silent discharge 
upon a mixture of oxygen and sulphurous anhydride. 63 With water 

61 The reaction BaO + O develops 13,000 heat units, whilst the reaction IL,0 + 
absorbs 21,000 heat units, 

* f Schone obtained a compound of peroxide ol barium with peroxide of hydrogen. If 
barium peroxide be dissolved in hydrochloric (or acetic) acid, or if a solution of 
hydrogen peroxide be diluted with a solution of barium hydroxide, a pure hydrate is pre-' 
cipitatod having the composition BaO^SHjO (sometimes the composition is taken as 
BaO^CH^O). This fact was already known to Thenard. Schone showed that if hydrogen 
peroxide be in excess, a crystalline compound of the two peroxides, Ba0 2 H 2 0?, is precipi- 
tated. Schone also obtained small well-formed crystals of the same composition by 
adding a solution of ammonia to an acid solution of barium peroxide (containing a barium 
salt and hydrogen peroxide or a compound of Ba0 3 with the acid). Thus barium 
peroxide combines with both water and hydrogen peroxide. This is a very important fact 
for the comprehension of the composition of other peroxides. Moreover, if the peroxides 
are able to give hydrates they can also form corresponding salts, i.e. they can combine 
with bases and acids, as was afterwards found to be the case on further research into this 
subject. 

V Anhydrous sulphuric peroxide^ S 2 7 , is obtained by the prolonged (8 to 10 hours) 
action of a silent discharge of considerable intensity on a mixture of oxygen and sul- 
phurous anhydride ; the vapour of sulphuric peroxide, S2O7, condenses as liquid drops, 
or after being cooled to 0° in the form of long prismatic crystals, resembling those of 
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S*0 7 gives persulphuric acid, H 2 S 2 8 . The latter ia obtained 
more simply by mixing strong sulphuric acid (not weaker than 
H 2 S0 4 ,2H 2 0) directly with hydrogen peroxide, or by the action of a 
galvanic current .on sulphuric acid mixed with a certain amount of water, 
and cooled, the electrodes being platinum wires, when persulphuric acid 
naturally appears at the positive pole. 64 When an acid of the strength 
HjS0 4 ,6H 2 is taken, at first the hydrate of the sulphuric per- 
oxide, S 2 7 ,H 2 0, only is formed ; but when the concentration about 
the positive pole reaches H 2 S0 4 ,3HsO, a mixture of hydrogen peroxide 
and the hydrate of sulphuric peroxide begins to be formed. Dilute 
solutions of sulphuric peroxide can be kept better than more con- 
centrated solutions, but the latter may be obtained containing as 
much as 123 grams of the peroxide to a litre. It is a very instructive 
fact that hydrogen peroxide is always formed when strong solutions of 
persulphuric acid break up on keeping. So that the bond between the 
two peroxides is established both by analysis and synthesis : hydrogen 
peroxide is able to produce S 2 H a Og, and the latter to produce hydrogen 
peroxide. A mixture of sulphuric peroxide with sulphuric acid or 
water is immediately decomposed, with the evolution of oxygen, either 
when heated or under the action of spongy platinum. The same thing 

sulphuric anhydride. The anhydrous compound S3O7 (and also the hydrated compound) 
cannot be preserved long, as it splits up into oxygen and sulphurio anhydride. Direct 
experiment shows that a mixture of equal volumes of sulphurous anhydride and oxygen 
leaves a residue of a quarter of the oxygen taken, or half of the whole volume, which 
indicates the formula S. 2 7 . This substance is soluble in water, and it then gives a 
hydrate, probably having the composition S^^O =2SH0 4 . This solution oxidises 
the salts SnX.^, potassium iodide, and others, which renders it possible to prove thai the 
solution actually contains one atom of oxygen capable of effecting oxidation to two mole- 
cules of sulphuric anhydride. 

In order to fully demonstrate the reality of a peroxide form for acids, it should 
be mentioned that some years ago Brodie obtained the so-called acetic peroxide, 
(C 2 H 2 0) 2 0.f, by the action of barium peroxide on acetic anhydride, (C 2 H 5 0)^0. Its 
corresponding hydrate is also known. This shows that true peroxides and their 
hydrates, with reactions similar to those of hydrogen peroxide, are possible for acids. 
A similar higher oxide has long been known for chromium, and Berthelot obtained a 
like compound for nitric acid (Chapter VI., Note 26). 

04 When un acid of the strength H 2 S0 4 6H 2 is token, at first only the hydrate of 
the sulphuric peroxide, Sa0 7 H a O, is formed, but when the concentration at the positive 
pole reaches H28O48H2O, a mixture of hydrogen peroxide and the hydrate of sulphuric 
peroxide begins to be formed. A state of equilibrium is ultimately arrived at when 
the amounts of these substances correspond to the proportion S3O7 : 2H 5 2 , which, 
as it were, answers to a new hydrate, S 2 O a 2H^O. But its existence cannot be admitted 
because the sulphuric peroxide con be easily distinguished from the hydrogen peroxide 
in the solution owing to the fact that the former does not act on an add solution of 
potassium permanganate, whilst the hydrogen peroxide disengages both its own oxygen 
and that of the permanganic acid, converting it into manganons oxide. Their common 
property of liberating iodine from an acid solution of the potassium iodide enables the 
sum of the active oxygen in them both to be. determined. 
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takes place with a solution of baryta, although at first no precipitate is 
formed and the decomposition of the barium salt, BaS 2 O g , with the for- 
mation of BaS0 4 , only proceeds slowly, so that the solution may be 
filtered (the barium salt of persulphuric acid is soluble in water). Mer- 
cury, ferrous oxide, and the stannous salts, are oxidised by S 2 H 2 8 . 
These are all distinct signs of true peroxides. The same common pro- 
perties (capacity for oxidising, property of forming peroxide of hydrogen, 
«tc.) are possessed by the alkab' salts of persulphuric acid, which are 
obtained by the action of an electric current upon certain sulphates, 
for instance ammonium or potassium sulphate. The ammonium salt 
of persulphuric acid, (NH<) 2 S 2 8 , is especially easily formed by this 
means, and is now prepared on a large scale and used (like Na 2 2 and 
H 2 2 ) for bleaching tissues and fibres 65 

63 If a solution of sulphuric acid which has been 'dist subjected to electrolysis be 
neutralised with potash or baryta, the salt which is formed begins to decompose 
rapidly with the evolution of oxygen (Berthelot, 1890). On saturating with caustic 
baryta, the solution of the salt formed may be separated from the sulphate of barium, 
and then the composition of the resultant coinpouud, BaSjOo, may be determined from 
the amount of oxygen disengaged. Marshall (1891) studied the formation of tins class 
of compounds more fully; he subjected a saturated solution of bisulphate of potassium 
to electrolysis with a current of $-3^ amperes ; before electrolysis dilute sulphuric acid 
is added to the liquid surrounding the negative pole, and during electrolysis the solution 
at the anode is cooled. The electrolysis is continued without interruption for two days, 
and a white crystalline deposit separates at the anode. To avoid decomposition, the 
latter is not filtered through paper, but through a perforated platinum plate, and dried 
on a porous tile. The mother liquor, with the addition of a fresh solution of bisulphate 
of potassium, is again subjected to electrolysis and the crystals formed at the anode are 
again collected, Arc. The Rait so obtained may be recrystallised by dissolving it in hot 
water and rapidly cooling the solution after filtration ; a small proportion of the salt is 
decomposed by this treatment. Rapid cooling is followed by the formation of* small 
columnar crystals ; slow cooling gives large prismatic crystals. The composition of the 
salt is determined either by igniting it, when it forms sulphate of potassium, <>r else by 
titrating the active oxygen with permanganate : its composition was found to correspond 
to the salt of persulphuric acid, KjS 2 Og. The solution of the salt has a neutral reaction, 
and does not give a precipitate with salts of other metals. K 3 S«0 8 is the most insoluble 
of the salts cl persulphuric acid. With nitrate of silver it forms persulphate of 
silver, which gives peroxide of silver under the action of water according to the equation 
Ag^Os + 2H. 2 = Ag^Oj + 2H 2 80 4 . With an alkaline solution of a cupric salt (Fehling'a. 
solution) it forms a red precipitate of peroxide of copper. Manganese and cobalt salts 
give precipitates of Mn0 2 and Coa0 3 . Ferrous salts are rapidly oxidised, potassium 
iodide slowly disengages iodine at the ordinary temperature. All these reactions indicate 
the powerful oxidising properties of K}S.,0 8 . In oxidising in the presence of water it gives 
a residue of KHSO v The decomposition of the dry salt begins at 100° but is not com- 
plete even at 250°. The freshly prepared salt is inodorous, but after being kept in a 
closed vessel it evolves a peculiar smell different from that of ozone. The ammonium 
salt of persulphuric acid, (NH^S-jOg, is obtained in a similar manner. It is soluble to 
the extent of 58 parts per 100 parts by weight of water. The decomposition of the 
ammonium salt by the hydrated oxide of barium gives the barium salt, BaS^O^H^O, 
which is soluble to the extent of 52*2 parts in 100 parts of water at 0°. The crystals do not 
deliquesce in the air and decompose in the course of several days; they decompose most 
rapidly in perfectly dry air. Solutions of the pure salt decompose slowly at the ordinary 
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In order to understand the relation of sulphuric peroxide to sulphuric 
acid we must first remark that hydrogen peroxide is to be considered, 
in accordance with the law of substitution, as water, H(OH), in which 
H is replaced by (OH). Now the relation of H,S 8 8 to H,S0 4 is 
exactly similar. The radicle of sulphuric acid, equivalent to hydrogen, 
is HS0 4 ; 65 bU it corresponds with the (OH) of water, and therefore 
sulphuric acid, H(SH0 4 ), gives (SH0 4 ) 2 or S 2 H 2 0a, in Exactly the same 
manner as water gives (H0) 2 — i.e. HjOj. 66 

The largest part of the sulphuric acid made is used for reacting 
on sodium chloride in the manufacture of sodium carbonate ; for the 
manufacture of the volatile acids, like nitric, hydrochloric, Ac, from 
their corresponding salts ; for the preparation of ammonium sulphate, 
alums, vitriols (copper and iron), artificial manures, superphosphate 
(Chapter XIX., Note 18) and other salts of sulphuric acid ; in the treat- 
ment of bone ash for the preparation of phosphorus, and for the solu- 
tion of metals — for example, of silver in its separation from gold — for 

temperature; on boiling barium sulphate is gradually precipitated, oxygen being liberated 
simultaneously. To completely decompose this salt it is necessary to boil its eolation for s> 
long time. Alcohol dissolves the solid salt ; the anhydrous salt does not separate from 
the alcoholic solution, but a hydrate containing one molecule of water, BaSoOgH^O, 
which is soluble in water but insoluble in absolute alcohol. Solid barium persulphate 
decomposes even when slightly heated. The free acid, which may serve for the prepara- 
tion of other salts, is obtained by treating the barium salt with sulphuric arid. The 
lead salt, PbS^Og, has been obtained from the free acid ; it crystallises with two or three 
molecules of water. It is soluble in water, deliquesces in the air, and with alkalis gives 
a precipitate of the hydrated oxide which rapidly oxidises into the binoxide. 

Traube, before Marshall's researches, thought that the electrolysis of solutions of 
sulphuric acid did not give persulphuric acid but a persulphnrio oxide having the com- 
position ^G 4 . On repeating his former researches (1892) Traube obtained a persulphuric 
oxide by the electrolysis of a 70 per cent, solution of sulphuric acid, and he separated is 
from the solution by means of barium phosphate. Analysis showed that this substance 
corresponded to the above composition SO*, and therefore Traube considers it very 
likely that the salts obtained by Marshall corresponded to an acid H t S0 4 + SO to i*. thai 
the indifferent oxide, S0 4 , can combine with sulphuric acid and form peculiar saline) 
compounds. 

*« bU Or one of those supposed ions which appear at the positive pole in the decompo- 
sition of sulphuric acid by the action of a. galvanic current. 

*° If this be true one would expect the following peroxide hydrates : for phosphoric 
acid, (H 2 P0 4 ) 2 = H 4 P 2 O g = 2H 2 + 2P0 3 ; for carbonic acid, (HCOj), - H^Oe - 
H 2 + C 2 5 ; and for lead the true peroxide will be also Pb,0 4 , &c Judging from the 
example of barium peroxide (Note G2), these peroxide forms will probably combine 
together. It seems to me that the compounds obtained by Fairley for uranium are very 
instructive as elucidating the peroxides. In the action of hydrogen peroxide in an aoid 
solution on uranium oxide, UO3, there is formed a uranium peroxide, UO 4 ,4lltO(U«S40), 
bui hydrogen peroxide acts on uranium oxide in the presence of caustic soda; on the 
addition of alcohol a crystalline compound containing Na 4 U0 8 ,4li t O is precipitated, 
which is doubtless a compound of the peroxides of sodium, NagO* and uranium, TJO*, 
It is very possible that the first peroxide, U0 4 ,4H 2 0, contains the elements of hyd r o gen 
peroxide and uranium peroxide, U^O?, or even UiOH^HjO*, just as the peroxide locm 
lately discovered by Spring for tin perhaps contains Sn«0$,HtO|. 
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cleaning metals from rust, &c. A large amount of oil of vitriol is also 
used in treatment of organic substances ; it is used for the extraction 
of stearin, or stearic acid, from tallow, for refining petroleum and 
various vegetable oils, in the preparation of nitro-glycerine (Chapter VI., 
Notes 37 and 37 bis), for dissolving indigo and other colouring matters, 
for the conversion of paper into vegetable parchment, for the prepara- 
tion of ether from alcohol, for the preparation of various artificial scents 
from fusel oil, for the preparation of vegetable acids, such as oxalic, 
tartaric*, citric, for the conversion of non- fermentable starchy substances 
into fermentable glucose, and in a number of other processes. It 
would be difficult to find another artificially-prepared substance 
which is so frequently applied in the arts as sulphuric acid. Where 
there are not works for its manufacture, the economical production of 
many other substances of great technical importance is impossible* 
In those localities which have arrived at a high technical activity 
the amount of sulphuric acid consumed is proportionally large; 
sulphuric acid, sodium carbonate, and lime are the most important of 
the artificially-prepared agents employed in factories. 

Besides the normal acids of sulphur, H 2 S0 3 , H 2 S0 3 S, and H 3 S0 4 , 
corresponding with Sulphuretted hydrogen, H2S, in the same way 
that the oxy-acids of chlorine correspond. with hydrochloric acid, HC1, 
there exists a peculiar series of acids which are termed thionic acid$. 
Their general composition is S„H 2 O c , where n varies from 2 to 5. If 
n = 2, the acid is called dithionic acid. The others are distinguished 
as trithionic, tetrathionic, and pentathionic acids. Their composition, 
existence, and reactions are very easily understood if they be referred 
to the class of the sulphonic acids — that is, if their relation to 
sulphuric acid be expressed in just the same manner as the relation of 
the organic acids to carbonic acid. The organic acids, as we saw 
(Chapter IX.), proceed from the hydrocarbons by the substitution of 
their hydrogen by carboxyi — that is, by the radicle of carbonic acid, 
CH 2 3 — HO = CH0 2 . The formation of the acids of sulphur by 
means of sulphoxyl may be represented in the same manner, HS0 3 
• =H 2 S0 4 — HO. Therefore to hydrogen H 2 there should correspond the 
acids HSH0 3 , sulphurous, and SH0 3 SH0 3 = S 2 H 2 6 , or dithionic ; 
to SH 2 there should correspond the acids SH(SH0 3 ) = H 2 S 2 3 (thio 
sulphuric), and S(SH0 3 ) 2 ==.H 2 S 3 6 (trithionic) ; to S 2 H 2 the acids 
S 2 H(SH0 3 ) = H 2 S 3 2 (unknown), and S 2 (SH0 3 ) 2 = H 2 S 4 6 (tetra- 
thionic) ; to S 3 H 2 the acids S 3 H(SH0 3 ) and S 3 (SH0 3 ) 2 = H 2 S 5 6 
(pentathionic). We know that iodine reacts directly with the hydrogen 
of sulphuretted hydrogen and combines with it, and if thiosulphurio 
acid contains the radicle of sulphuretted hydrogen (or hydrogen united 
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with sulphur) of the same nature as in sulphuretted hydrogen, it is not 
surprising that iodine reacts with sodium tliiosulphateand forms sodium 
tetrathionate. Thus, thiosulphuric acid, HS(SH0 3 ), when deprived 
of H, gives a radicle which immediately combines with another similar 
radicle, forming the tetrathionate S,(S0 2 HO) 1 . On this view 67 of 
the structure of the thionic acids and salts, it is also clear how all the 
thionic acids, like thiosulphuric acid, easily give sulphur and sulphides, 
with the exception only of dithionic acid, HjS 2 6 , which, judging 
from the above, stands apart from the series of the other thionic 
acids. Dithionic acid stands in the same relation to sulphuric acid as 
oxalic acid does to carbonic acid. Oxalic acid is dicarboxyl, (CH0 2 ), 
= C 2 H 2 4 , and so also dithionic acid is disulphoxyl, (SH0 3 ) 2 = S 2 H 2 6 . 
Oxalic acid when ignited decomposes into carbonic anhydride and 
carbonic oxide, CO, and dithionic acid when heated decomposes into 
sulphuric anhydride and sulphurous anhydride, SO* and S0 3 stands 
in the same relation to S0 3 as CO to CO* This also explains the 
peculiarity of the calcium, barium, and lead, &c. salts of the thionic acids 
being easily soluble (although the corresponding salts of 113803,11,804, 
and H ? S dissolve with difficulty), because the former are similar to 
the salts of the sulphonic acids, which are also soluble in water. 
Thus the thionic acids are disidphonic acids, just as many dicarboxylio 
acids are known— for example, CH ? (C0 2 H) 2 , C 6 H 4 (CO,H) f . 68 

67 This view was communicated by me in 1870 to the Russian Chemical Society 
m Dithioyiic acid, H^SoO^, is distinguished among the thionic acids as containing 
the least proportion of sulphur. It is also called hyposulphuric acid, because its supposed 
anhydride, S 2 5 , contains more O than sulphurous oxide, SOj or S.>0 4| and leas than 
sulphuric anhydride, SO^ or S^O,;. Dithionic acid, discovered by Gay-Lussao and 
Welter, is known as a hydrate and as salts, but not as anhydride. The method for pre** 
paring dithionic acid usually employed is by the action of finely-powdered manganese 
dioxide on a solution of sulphurous anhydride. On shaking, the smell of the latter 
disappears, and the manganese salt of the acid in question passes into- solution; 
MnO_, + 2SOj= MnSj0 6 . If the temperature be raised, the dithionate splits up into 
sulphurous anhydride, and manganese sulphate, MnS0 4 . Generally owing to this a 
mixture of manganese sulphate and dithionate is obtained in the solution. They may 
be separated by mixing the solution of the manganese salts with a solution of barium 
hydroxide, when a precipitate of manganese hydroxide and barium sulphate is obtained.. 
In this manner barium dithionate only is obtained in solution. It is purified by 
crystallisation, and separates as BaS>0 6 ,'2H.O ; this is then dissolved in water, and 
decomposed with the requisite amount of sulphuric acid. Dithionic acid, H^O* then 
remains in solution. By concentrating the resultant solution under the receiver of an 
air-pump it is possible to obtain a liquid of sp. gr. 1*347, but it still contains water, and 
on further evaporation the acid decomposes into sulphuric acid and sulphurous anhy- 
dride: H. 2 SoO c = H 2 S0 4 + S0 2 . The same decomposition takes place if the solution be 
Slightly heated. Like all the thionic acids, dithionic acid is readily attacked by oxidising 
agents, and passes into sulphurous acid. No dithionate is able to withstand the action 
of heat, even when very slight, without giving off sulphurous anhydride: K^Qg 
• KjSO^+SOj. The alkali dithionate* have a neutral reaction (which indicates Ike 
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Sulphur exhibits an acid character, not only in its compounds with 
hydrogen and oxygen, but also in those with other elements. The 

energetic nature of the acid) are soluble in water, and in this respect present a certain 
resemblance to the salts of nitric acid (their anhydrides are : N 2 4 and 83O3). Kliiss 
(1886) described many of the salts of dithionic acid. 

Langlois, about 1840, obtained a peculiar thionic acid by heating a strong solution 
of acid potassium sulphite with flowers of sulphur to about 60°, until the disappearance 
of the yellow coloration first produced by the solution of the sulphur. Qn cooling, a 
portion of the sulphur was precipitated, and crystals of a salt of trithionic acid, 
KflSjOa (partly mixed with potassium sulphate), separated out. Plessy afterwards 
showed that the action of sulphurous acid on a thiosulphate also gives sulphur and 
trithionic acid: 2K2&jOj + 8802 = 21^8303 + 8. A mixture of potassium acid sulphite 
and thiosulphate also gives a trithionate. It is very possible that a reaction of the 
same kind occurs in the formation of trithionic acid by Langloid's method, because 
potassium sulphite and sulphur yield potassium thiosulphate. The potassium thiosul- 
phate may also be replaced by potassium sulphide, and on passing sulphurous anhydride 
through the solution thiosulphate is first formed and then trithionate: 4KHSO s +K*S 
+ 4S0 2 s SKjSjOfl + 2K|0. The sodium salt is not formed under the same circumstances 
as the corresponding potassium salt. The sodium salt does not crystallise and is very 
unstable : the barium salt is, however, more stable. The barium and potassium salts 
are anhydrous, they give neutral solutions and decompose when ignited, with the 
evolution of sulphur and sulphurous anhydride, a sulphate being left behind, KjSjOj 
-K 3 S0 4 + S0 1 + S. If a solution of the potassium salt be decomposed by means of 
hydrofluosilicic or chloric acid, the insoluble salts of these acids are precipitated and 
trithionic acid is obtained in solution, which however very easily breaks up on concen- 
tration. The addition of salts of copper, mercury, silver, Arc, to a solution of a trithionate 
is followed, either immediately or after a certain time, by the formation of a black pre- 
cipitate of the sulphides whose formation is due to the decomposition of the trithionic 
acid with the transference of its sulphur to the metal. 

Tetrathionic acid, R 2 S 4 O fl , in contradistinction to the preceding acids, is much 
more stable in the free state than in the form of salts. In the latter form it is easily 
converted into trithionate, with liberation of sulphur. 8odium tctrathionate was 
obtained by Fordos and Ge*Hs, by the action of iodine on a solution of sodium thiosul- 
phate. The reaction essentially consists in the iodine taking up half the sodium of the 
thiosulphate, inasmuch as the latter contains Na^S^Oj, whilst the tetrathionate contains 
NaS,0 3 or Na 2 8 4 # 5, so that the reaction is as follows: aNa^Oj + Ij-aNal + Na^O,. 
It is evident that tetrathionic acid stands to thiosulphuric acid in exactly the same 
relation as dithionic acid does to sulphurous acid ; for the same amount of the other 
elements in dithionate, KSOj, and tetrathionate, KS a 3 , there is half as much metal as 
in sulphite, K?S0 5 , and thiosulphate, K3S2O3. If in the above reaction the sodium 
thiosulphate be replaced by the lead salt PbS a Oj, the sparingly-soluble lead iodide Pbl* 
and the soluble salt PbS 4 0« are obtained. Moreover the lead salt easily gives tetra- 
thionic acid itself (PbS0 4 is precipitated). The solution of tetrathionic acid may be 
evaporated over a water-bath, and afterwards in a vacuum, when it gives a colourless 
liquid, which has no smell and a very acid reaction. When dilute it may be heated to 
its boiling-point, but in a concentrated form it decomposes into sulphuric acid, sul- 
phurous anhydride, and sulphur : IL|8 4 O ft = H 3 S0 4 + S0 a + 8 2 . 

Pentatkionic acid, H^O* also belongs to this series of acids. But little ie known 
concerning it, either as hydrate or in salts. It is formed, together with tetrathionic 
acid, by the direct action of sulphurous acid on sulphuretted hydrogen in an aqueous 
solution; a large proportion of sulphur being precipitated at the same time: CSOj 
+ 5H»8 = H*S s O e + 58 + 4HaO. 

If, as was shown above, the thionic acids are disulphonic acids, they may be ob- 
tained, like other sulphonic acids, by means of potassium sulphite and sulphur chloride. 
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compound of sulphur and carbon has been particularly well investigated. 
It presents a great analogy to carbonic anhydride, both in its elementary 
composition and chemical character. This substance is the so-called 
carbon bisulphide, CS* and corresponds with CO* 

Thus 8pring demonstrated the formation of potassium trithionate by theaotaon of sul- 
phur dichloride on a strong solution of potassium sulphite: tKS0 3 K + 86l t -8(80^K), 
+ 2KC1. If sulphur chloride be taken, sulphur also is precipitated. The earn* 
trithionate is formed by heating a solution of double thibsulphates; for example, of 
AgK&tOs. Two molecules of the salts then form silver sulphide and potassium 
trithionate. If the thiosulphate be the potassium silver salt SOsKfAgS), then the 
structure of the trithionate must necessarily be (SO$K),8. Previous to Spring's 
researches, the action of iodine on sodium thiosulphate was an isolated accidentally 
discovered reaction ; he, however, showed its general significance by testing the action of 
iodine on mixtures of different sulphur compounds. Thus with iodine, I* the mixture 
Nj^S + NjuSO, forms 2NaI+Na J S t 3 , whilst the mixture Na&Oj + Na^Os+I, give* 
2NaI + Na^SjOa — that is, trithionic acid stands in the same relation to thiosulphuric acid 
as the latter does to sulphuretted hydrogen. We adopt the same mode of represen- 
tation : by replacing one hydrogen in H^S by sulphuryl we obtain thiosulphuric acid, 
HSOyHS, and by replacing a second hydrogen in the latter again by sulphuryl we obtain 
trithionic acid, (HS0 3 ),8. Furthermore, Spring showed that the action of sodium 
amalgam on the thionic acids causes reverse reactions to those above indicated for 
iodine. Thus sodium thiosulphate with Na, gives Na,S + Na^K) 3 , and Spring showed 
that the sodium here is not a simple element taking up sulphur, but itself enters into 
double decomposition, replacing sulphur ; for on taking a potassium salt and acting on 
it with sodium, KS0 5 (SK) + NaNa=KS0 3 Na + (8K)Na. In. a similar way sodium 
dithionate with sodium gives sodium sulphite: (NaS0 3 ) 3 +Na s =SNa80jNa; sodium 
trithionate forms NaSOjNa and NaSOySNa, and tetrathionate forms sodium thiosul- 
phate, (NaS0 3 )S,(NaSOj,) + Na, = 2(NaS0 3 )(NaS). 

In all the oxidised compounds of sulphur we may note the presence of the elements 
of sulphurous anhydride, SO?, the only product of the combustion of sulphur, and in this 
sense the compounds of sulphur containing one 80? i 
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Hence it is evident that SO? has (whilst CO? has not) the faculty for combination, 
and aims at forming 80,X,. These X, can = 0, and the question naturally suggests 
itseH,as to whether the O, which occurs in SO? is not of the same nature as this oxygen 
which adds itself to 80,— that is, whether 80, does not correspond with the more 
general type SX 4 , and its compounds with the type SX* ? To this we may answer ' Yes 
and ' No ' — ' Yes ' in the general sense which proceeds from the investigation of the 
majority of compounds, especially metals, where RO corresponds with RC1,, RX,; * No' 
in the Rense that sulphur does not give either SH 4 , SH* or SCI*, and therefore the 
stages SX,| and SX a are only observable in oxygen compounds. With reference to the 
type 8X* a hydrate, S(HO)«, might be expected, if not 8C1* And we must reoog- 
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The first endeavours to obtain a compound of sulphur with carbon 
were unsuccessful, for although sulphur does combine directly with 
carbon, yet the formation of this compound requires distinctly 
definite conditions. If sulphur be mixed with charcoal and heated, it 
is simply driven off from the latter, and not the smallest trace of 
carbon bisulphide is obtained. The formation of this compound 
requires that the charcoal should be first heated to a red heat, but not 
above, and then either the vapour of sulphur passed over it or lumps 
of sulphur thrown on to the red-hot charcoal, but in small quantities, 
so as not to lower the temperature of the latter. If the charcoal be 
heated to a white heat, the amount of carbon bisulphide formed is less. 
This depends, in the first place, on the carbon bisulphide dissociating 
at a high temperature. 69 In the second place, Favre and Silberman 
showed that in the combustion of one gram of carbon bisulphide (the 
products will be CO a + 2SO s ) 3,400 heat units are evolved— that is, 
the combustion of a molecular quantity of carbon bisulphide evolves 
258,400 heat units (according to Berthelot, 246,000). From a molecule 
of carbon bisulphide in grams we may obtain 12 grams' of carbon, 
whose combustion evolves 96,000 heat units^and 64 grams of sulphur, 
evolving by combustion (into S0 2 ) 140,800 heat units. Hence we see 
that the component elements separately evolve less heat by their com- 
bustion (237,000 heat units) than carbon bisulphide itself — that is, 

nise this hydrate from a study of the compounds of sulphuric acid with water. In 
addition to what has been already said respecting the complex acids formed by sulphur, 
I think it well to mention that, according to (he abort view, still more complex oxygen 
acids and salts of sulphur may be looked for. For instance, the salt Na?S 4 O obtained 
by Villi era (1888) is of this kind.. It is formed together with sodium trithionate and 
sulphur, when 80, is passed through a cold solution of NajSjOj, which is then allowed 
to stand for several days at the ordinary temperature. 2Na i S^0 3 -t-4S0 2 =«Na i S 4 O a 
+ Ntu,S 3 O ft + S. It may be assumed here, a« in the thionlc acids, that there are two 
sulphoxyls, bound together not only by 8, but also by SO ? , or what is almost the 
same thing, that the sulphoxyl is combined with the residue of trithionic acid, i.e. replaces 
one aqueous residue in trithionic acid. 

09 Even light decomposes carbon bisulphide, but not to the extent of separating 
carbon , under the action of the sun's rays it is decomposed into sulphur and a solid 
substance which is considered to be carbon monosulphide ; it is of a red colour, and its 
sp. gr. is 1*66. (The formation of a red liquid compound CjSj has also been remarked.) 
Thorpe (1889) observed a complete decomposition of carbon bisulphide under the action 
of a liquid alloy of potassium and sodium ; it is accompanied by an explosion and the 
deposition of carbon and sulphur. A similar complete decomposition of carbon bisul- 
phide is also accomplished by the action of mercury fulminate (Chapter XVI., Note 26), 
and is due to the fact that at the ordinary temperature (at which carbon bisulphide is 
not produced) the decomposition of carbon bisulphide takes place with the development 
of heat— that is, it presents an exothermal reaction, like the decomposition of all 
■explosives. It is very possible that at a higher temperature, when carbon bisulphide is 
formed, the combination of carbon with sulphur is also an exothermal reaction—that is, 
heat is developod. If this should be the case, carbon bisulphide would present a most 
instructive example in thermochemistry. 

•12 
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that heat should be evolved (at the ordinary temperature) and not 
absorbed in its decomposition, and therefore that the formation of car- 
bon bisulphide from charcoal and sulphur is in all probability accom- 
panied by an absorption of heat. 70 It is therefore not surprising that, 
like other compounds produced with an absorption of heat (ozone, 
nitrous oxide, hydrogen peroxide, <fcc.), carbon bisulphide is unstable 
and easily converted into the original substances from which it is 
obtained. And indeed if the vapour of carbon bisulphide be passed 
through a red-hot tube, it is decomposed — that is, it dissociates — into 
sulphur and carbon. And this takes place at the temperature at which 
this substance is formed, just as water decomposes into hydrogen and 
oxygen at the temperature of its formation. In this absorption of heat 




FfO. 90.— Apparatus for the manufacture of oarhon bisulphide. 

in the formation of carbon bisulphide is explained the facility with which 
it suffers reactions of decomposition, which we shall see in the sequel, 
and its main difference from the closely analogous carbonic anhydride. 

70 The fact should not be loet sight of that sulphur and charcoal are aolida at the 
ordinary temperature, whilst carbon bisulphide is a very volatile liquid, and consequently, in 
the act of combination, referred to the ordinary temperature (Note 69), there is, as it were, a 
passage into a liquid state, and this requires the absorption of heat. And furthermore, 
the molecule of sulphur contains at least six atoms, and the molecule of carbon in all 
probability (Chapter Vffl.) a very considerable number of atoms ; thus the reaction of 
sulphur on charcoal may be expressed in the following manner: SCm+nSj-^CSj— 
that is, from n + 8 molecules there proceed 8n molecules, and as n must be very con- 
siderable, 8n must be greater than 8+n, which indicates a decomposition in the 
formation of carbon bisulphide, although the reaction at first sight appears aa one of 
combination. This decomposition is seen also from the volumes in the solid and liquid 
states. Carbon bisulphide has a sp. gr. of 1*29 ; henoe its molecular volume is 69. But 
the volume of carbon, even in the form of charcoal, is not mere than 6, and the volume 
of 8i is 80; hence 86 volumes after combination give 59 volumes — an expansion takes 
place, as in decompositions. 
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In the laboratory carbon bisulphide is prepared as follows: A 
porcelain tube is luted into a furnace in an inclined position, the upper 
extremity of the tube being closed by a cork, and the lower end 
connected with a condenser. The tube contains charcoal, which is 
raised to a red heat, and then pieces of sulphur are placed in the upper 
end. The sulphur melts, and its vapour comes into contact with the 
red-hot charcoal, when combination takes place ; the vapours con- 
dense in the condenser, carbon bisulphide being a liquid boiling at 
48°. On a large scale the apparatus depicted in tig. 90 is employed. 
A cast-iron cylinder rests on a stand in a furnace. Wood charcoal is 
charged into the cylinder through the upper tube closed by a clay 
stopper, whilst the sulphur is introduced through a tube reaching to 
the bottom of the cylinder. Pieces of sulphur thrown into this tube 
fall on to the bottom of the cylinder, and are converted into vapour, 
which passes through the entire layer of charcoal in the cylinder. The 
vapour of carbon bisulphide thus formed passes through the exit tube 
first into a Woulfe's bottle (where the sulphur which has not entered 
into the reaction is condensed), and then into a strongly-cooled con- 
denser or worm. 71 

Pure carbon bisulphide is a colourless liquid, which refracts light 
strongly, and has a pure ethereal smell ; at 0° its specific gravity is 1 *293, 
and at 15° 1*271. If kept for a long time it seems to undergo a change, 
especially when it is kept under water, in which it is insoluble. It 
• boils at 48°, and the tension of its vapour is so great that it evaporates 
very easily, producing cold, 78 and therefore it has to be kept in well- 
stoppered vessels ; it is generally kept under a layer of water, which 
hinders its evaporation and does not dissolve it 73 

71 Carbon bisulphide, as prepared on a large scale, is generally very impure, and 
contains not only snlphnr, but, more especially, other imparities which give it a very 
disagreeable odour. The best method of purifying this malodorous carbon bisulphide is 
to shake it up with a certain amount of mercuric chloride, or even simply with mercury, 
until the surface of the metal ceases to turn black. After this the carbon bisulphide 
must be poured off and distilled over a water-bath, after mixing with some oil to retain 
the impurities. 

" If carbon-bisulphide be evaporated under the receiver of an air-pump, or by means 
of a current of air, it is possible to obtain a temperature as low as —60°, and the carbon 
bisulphide does not solidify at this temperature. However, if a series of air-bubbles be 
passed through it by means of bellows, a crystalline white substance remains which 
volatilises below 0° : this a hydrate, H^O^CS, ;< it easily decomposes into water and 
carbon bisulphide. It is formed in the above experiment By the moisture held in the 
air passed through the carbon bisulphide, and the fall of temperature. 

79 Strong alcohol is miscible .in all proportions "with carbon bisulphide, but dilute 
alcohol only in a definite amount, owing to its diminished solubility from the presence of 
the water in it. fither, hydrocarbons, fatty oils, and many other organic substances are 
soluble with great ease in carbon bisulphide. This is taken advantage of in practice for 
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Garbon bisulphide enters into many combinations, which are fre- 
quently closely analogous to the compounds of carbonic anhydride. In 
this respect it is a thio-anJiydride — t.e. it has the character of the acid 
anhydrides, 73 bb like carbonic anhydride, with the difference that the 
oxygen of the latter is replaced by sulphur. By thio-compounds in 
general are understood those compounds of sulphur which differ from 
the compounds of oxygen as carbon bisulphide does from carbonic 
anhydride — that is, which correspond with the oxygen compounds, but 
with substitution of sulphur for oxygen. Thus thiosulphuric acid is 
mono-thiosulphuric acid — that is, sulphuric acid in which one atom 
of sulphur replaces one atom of oxygen. With the sulphides of the 
alkalis and alkaline earths, it forms saline substances corresponding 
with the carbonates, and these compounds may be termed ihio-car- 
bonates. For example, the composition of the sodium salt Na a CS, is 
exactly like that of sodium carbonate. They are formed by the direct 
solution of carbon bisulphide in aqueous solutions of the sulphides ; but 
they are difficult to obtain in a crystalline, form, because they are easily 
decomposable. When the solutions of these salts are highly concen- 
trated they begin to decompose, with the evolution of sulphuretted 
hydrogen and the formation of a carbonate, water taking part in the 
reaction— for example, K s OS 3 + 3H a O = KjCO, + 3Hj8. 74 

extracting the fait y oils from vegetable seeds, such as linseed, palm-nuts, or from bones, &o. 
The preparation of vegetable oils is usually done by pressing the seeds under a press, 
but the residue always contains a certain amount of oil. These traces of oil can,, 
however, be removed by treatment, with carbon bisulphide. In this manner a solution 
is obtained which when heated easily parts with all the carbon bisulphide, leaving the 
non- volatile fatty oil behind, so that the same carbon bisulphide may be condensed and 
used over again for the same purpose. It also dissolves iodine, bromine, indiarubber, 
sulphur, and tars. 

Carbon bisulphide, especially at high temperatures, very often acts by its elements 
in a manner in which carbon and sulphur alone are not able to react, which will be 
understood from what has been said above respecting its endothermal origin. If it be 
passed over red-hot metals— even over copper, for instanoe, not to mention sodium, Ac- 
it forms s sulphide of the metal and deposits charcoal, and if the vapour be passed over 
incandescent metallic oxides it forms metallio sulphides and carbonio anhydride (and 
sometimes a oertain amount of sulphurous anhydride). Lime and similar oxides give 
under these circumstanoes a carbonate and a •ulphide— for example, C89+ 8CaO«9C«fl 
+ CaCO s . The sulphides obtained by this means are often well crystallised, like those 
found in nature— for example, lead and antimony sulphides. 

n bb And just as COC1, corresponds to CO* so also the chloranhydride, 0801* or 
thiophotgene, corresponds to CS* 

74 If instead of a sulphide we take an alkali hydroxide, a ihiocarbonate is also 
formed, together with a carbonate— thus, 8BeHgO a +8C8i«aBaCS3+BaCO-,+SHtO. 
From the instability of the thiooarbonates of the alkaline metals we can clearly 
see the reason of the difficulty with which the salts- of the heavier metals are formed, 
whose baeio properties are incomparably weaker than those of the alkali metals. How* 
ever, these salts may be obtained by double decomposition. Ammonia in reacting on 
carbon bisulphide gives, besides products like those formed by other alkalis, a whole 
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A remarkable example u bb of the thio-compounds 14 found in thuh 
cyanic acid — i.e. cyanic acid in which the oxygen is replaced by 
.sulphur, HCNS. We know (Chapter IX.) that with oxygen the 
cyanides of the alkaline metals RON give cyanates RCNO ; but they 

• series of products of as complex * structure as those substanoes which are produced by 
the action of carbonio anhydride on ammonia. In the ninth chapter we examined the 
formation of the ammonium carbonates, and saw the transition from them into the 
cyanides. It is not surprising after this that the action of carbon bisulphide on 
ammonia not only produces the above-mentioned salts, but also amidio compounds 
corresponding with them, in which the oxygen is wholly or partially replaced by sulphur. 
Thus ammonium dithiocarbamate is very easily obtained if carbon bisulphide be added to 
an alcoholic solution of ammonia, and the mixture cooled in a closed vessel. The salt 
then separates out in minute yellow crystals, CNsHgS*. 

Carbon bisulphide not only forms compounds with the metallio sulphides, but also 
with sulphuretted hydrogen— that is, it forms thioearbonic acid, H 2 CS 5 . This ib 
obtained by carefully mixing solutions of thiocarbonates with dilute hydrochloric acid. 
It then separates in an oily layer, which easily decomposes in the presence of water into 
sulphuretted hydrogen and carbon bisulphide, just as the corresponding carbonio acid 
(hydrate) decomposes into water and carbonic anhydride. Carbon bisulphide combines 
not only with sodium sulphide, but also with the bisulphide, NaaS a , not, however, with 
the trisulphide, Na^. 

The relation of carbon bisulphide to the other carbon compounds presents many 
most interesting features whioh are considered in organic chemistry. We will here 
only turn our attention to one of the compounds of this class. Ethyl sulphide, (CjH^S, 
combines with ethyl iodide, CjHjI, forming a new molecule, ^(CaH^yL If we desig- 
nate the hydrocarbon group, for instance ethyl, CaH*, by Et, the reaction would be 
expressed by the following equation : Et»S+EtI» SEtjI. This compound is of a saline 
character, corresponds with salts of the alkalis, and is closely analogous to ammonium 
chloride. It is soluble in water ; when heated it again splits up into its components 
Btl and Etj8, and with silver hydroxide gives a hydroxide, EtjS'OH, having the 
proper ty of a distinct and energetio alkali, resembling caustic ammonia. Thus the 
compound group 8Ets combines, like potassium or ammonium, with iodine, hydroxyl, 
chlorine, &0. The hydroxide SEts'OH is soluble in water, precipitates metallio salts, 
saturates acids, Ac. Hence sulphur here enters into a relation towards other elements 
similar to that of nitrogen in ammonia and ammonium salts, with only this difference, 
that nitrogen retains, besides iodine, hydroxyl, and other groups, also H4 or Et 4 (for 
example, NH4CI, NEtjHI, NEt^I), whilst sulphur only retains Et* Compounds of the 
formula 8H5X are however ^unknown, only the products of substitution SEtgX, &c are 
known. The distinctly alkaline properties of the hydroxide, triethylsulphine hydroxide, 
fiEtsOH, and also the sharply-defined properties of the corresponding hydroxide, 
tetraethylammonium hydroxide, NEt«OH, depend naturally not only on the properties 
of the nitrogen and sulphur entering into their composition, but also on the large pro- 
portion of hydrocarbon groups they contain. Judging from the existence of the ethyl- 
sulphine compounds, it might be imagined that sulphur forms a compound, 8H4, with 
hydrogen ; but no such compound is known, just as NH5 is unknown, although NH4CI 
exists. 

u bb Thorpe and Rodger (1880), by heating a mixture of lead fluoride and phosphorus 
pentasulphide to 960° in an atmosphere of dry nitrogen, obtained gaseous photpKoru* 
fluoiulphide, or thiophotphoryl fluoride, PSF* c o rresponding with POClj. This 
colourless gas is converted into a colourless liquid by a pressure of eleven atmospheres ; 
it does not act on dry mercury, and takes fire spontaneously in air or oxygen, forming 
phosphorus pentaflnoride, phosphorio anhydride, and sulphurous anhydride. It is 
soluble in ether, but is decomposed by water: PBF f +4H t O-H t 8+H 5 P04,+8HF 
(Note 80). 
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also combine with sulphur,- and therefore if yellow prussiate of potash 
be treated as in the preparation of potassium cyanide, and sulphur be 
added to the mass, potassium thiocyanate, KNCS, is obtained in 
solution. This salt is much more stable than potassium cyanate ; it 
dissolves without change in water and alcohol, forming colourless 
solutions from which it easily crystallises on evaporation. It may be 
kept exposed to air even when in solution ; in dissolving in water it 
absorbs a considerable amount of heat, and forms a starting-point for 
the preparation of all the thiocyanates, RONS, and organic compounds 
in which the metals are replaced by hydrocarbon groups. Such, for 
example, is volatile mustard oil, 8 H 5 0SN (allyl thiocyanate), 75 which 
gives to mustard its caustic properties. With ferric salts the thiocyanates 
give an exceedingly brilliant red coloration, which serves for detecting 
the smallest traces of ferric salts in solution. Thiocyanio'acid, HCNS, 
may be obtained by a method' of double decomposition, by distilling 
potassium thiocyanate with dilute sulphuric acid. It is a volatile 
colourless liquid, having a smell recalling that of vinegar, is soluble in 
water, and may be kept in solution without change. 76 bu 

The sulphur compounds of chlorine Cl a S and CljS a may be regarded 
on the one hand as products of the metalepsis of the sulphides of 
hydrogen, HjS and H a S s ; and on the other band of the oxygen com- 
pounds of chlorine, because chloride of sulphur, C1 S S, resembles chlorine 
oxide, CI jO, whilst Cl a S, corresponds with the higher oxide of chlorine ; 
or thirdly, we may see in these compounds the type of the acid chloran- 
hydrides, because they are all decomposed by water, forming hydrochlorio 

T * Although mustard oil may be obtained from the thiocyanates, it is only an isomer 
of allyl thiooyanate proper, as is explained in Organic Chemistry. 

7& bu Sulphur can only replace half the oxygen in C0 2 , as is seen in carbon oxyiulphide, 
or monothiocarbonic anhydride COS. This substance was obtained by Than, and is 
formed in many reactions. A oertain amount is obtained if a mixture of carbonic oxide 
and the vapour of sulphur be passed through a red-hot tube. When carbon tetrachloride 
is heated with sulphurous anhydride, this substanceis also formed ; but it is best obtained 
in a pure form by decomposing potassium thiocyanate with a mixture of equal Tolumes 
of water and sulphuric acid. A gas is then evolved containing a certain amount of 
hydrocyanic acid, from which it may be freed by passing it over wool containing 
moistened mercurio oxide, which retains the hydrocyanic acid. The reaction is expressed 
by the equation: 2KCN8 + 2H a 80 4 + aH,0 = K 2 S0 4 + (NH <l ) 2 80 4 + 2C03. It is also 
formed by passing the vapour of carbon bisulphide over alumina or day heated to 
redness (Gautier; silicon sulphide is then formed). COS is also formed by passing 
phosgene over a long layer of asbestos mixed with sodium sulphide at 870° ; Cd8 + CO&i 
-CdCl, + COS (Nuricsan, 1899). The pure gas has an aromatic odour, is soluble in an 
equal volume of water, which, however, acts on it, so that it must be collected over 
mercury. When slightly heated, carbon oxysulphide decomposes infc> sulphur and 
carbonic oxide. It burns in air with a pale blue flame, explodes with oxygen, and yields 
potassium sulphide and carbonate with potassium hydroxide: CO8 + 4KHO-K3CO! 
+ K,8 + aH,0. 
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afcid, and sulphur tetrachloride, SC1 4 , is decomposed with tbe formation 
of sulphurous anhydride. 76 

The compounds of sulphur with chlorine are prepared in the 
apparatus depicted in fig. yl. As sulphur chloride is decomposed by 
water, the chlorine evolved in the flask C must be dried before coming 
into contact with the sulphur. It is therefore first passed through a 
Woulfe's bottle, B, containing sulphuric acid, and then through the 
cylinder D containing pumice stone moistened with sulphuric acid, and 
then led into the retort E, in which the sulphur is heated. The com- 
pound which is formed distils over into the receiver R. A certain 
amount of sulphur passes over with the sulphur chloride, but if the 
resultant distillate be re-saturated with chlorine and distilled no free 




Fio. 91.— Apparatus for the preparation of sulphur chloride, and similar rolatile compounds 
prepared by combustion in a stream of ohlorine. 

sulphur remains, the boiling-point rises to 144°, and pure sulphur 
chloride, S a Cl a , is obtained. It has this formula because its vapour 
density referred to hydrogen is 68. It is also obtained by heating 
certain metallic chlorides (stannous, mercuric) with sulphur ; both the 

70 There is no reason for seeing any contradiction or mutual incompatibility in these 
three views, because every analogy is more or less modified by a change of elements. 
Thus, for instance, it cannot be expected that the product of the metalepsis of hydrogen 
sulphide would resemble the corresponding products of water in all respects, because 
water has not the acid properties of hydrogen sulphide. In the days of dualism and 
electrical polarity it was supposed thst the sulphur varied in its nature : in hydrogen 
sulphide or potassium sulphide it was considered to be negative, and in sulphurous 
anhydride or sulphur dichloride positive. It then appeared evident that sulphur 
dichloride would have no point of analogy with potassium sulphide. But metalepsis, or 
its expression in the law of substitution, necessitates such opinions being laid aside. If 
we can compare CO* CH«, CCL^ CHClj, CH s (OH) with each other, we cannot recognise 
any difference in the sulphur in 8H*, SCI}, 8K* or in general SX* far otherwise we 
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metal and chlorine then combine with the sulphur. Sulphur chloride 
is a yellowish-brown liquid, which boils at 144°, and has a specific gra- 
vity of 1*70 at 0° It fames strongly in the air, reacting on the moisture 
contained therein, and has a heavy chloranhydrous odour. It dissolves 
sulphur, is miscible with carbon bisulphide, and falls to the bottom of a 
vessel containing water, by which it is decomposed, forming sulphurous 
anhydride and hydrochloric acid ; but it first forms various lower 
stages of oxidation of sulphur, because the addition of silver nitrate to 
the solution gives a black precipitate. With hydrogen sulphide it gives 
sulphur and hydrochloric acid, and it reacts directly with metals — 
especially arsenic, antimony, and tin — forming sulphides and chlorides. 
In the cold, it absorbs chlorine and gives sulphur dichloride, SGI*. The 
entire conversion into this substance requires the prolonged passage of 
dry chlorine through sulphur chloride surrounded by a freezing mixture. 
The distillation of the dichloride must be conducted in a stream of 
chlorine, as otherwise it partially decomposes into sulphur chloride and 

should hare to acknowledge as many different states of sulphur, carbon, or hydrogen as 
there are compounds of sulphur, carbon, or hydrogen. The essential truth of the mstt e r 
is that all the elements in a molecule play their part in the reactions into which it enters. 
Often this appears to be contradicted in the result — for example, hydrogen alone may 
be replaced; but it is not this hydrogen alone that has determined the reaction; all 
the elements present have participated in it. This may be made clearer by the 
following rough illustration. Supposing two regiments of soldiers were fighting against 
each other, and that several men were lost by one of the regiments ; no one could say that 
it was only these men who took part in the engagement. The other men fired and the 
bullets flew over the heads of their opponents. It we* not only those who fell who 
fought, although they only were removed from the field of battle ; the fighting proceeded 
among the masses, but onlythnee few were disabled who went forward and were more 
conspicuous ftc; not that the remainder dad not take part in the action; they also 
fought and were an object of attack, only they remained sound and unhurt. Hydrogen 
is lighter than other elements and its atoms more mobile; it subjects itself more frequently 
and easily to reactions ; but it is not it alone which reacts, it is eren less liable to attack 
than other elements. It participates in exceedingly diverse reactions, not indeed because 
the hydrogen itself varies, but because one atom of it puts itself forward, another is 
hidden, one is united with carbon, another feebly held by sulphur, one stands or moves 
in the neighbourhood of oxygen, another is joined to a hydrocarbon. All hydrogen atoms 
are equal, and equally serve as an object of attack for the atoms of molecules encountering 
them, but those only are removed from the sphere of action which are nearer the surface of 
a molecule, which are more mobile, or held by a less sum of forces. So also sulphur is 
one and the same in sulphur dichloride, in sulphurous or sulphuric anhydride, in 
hydrogen sulphide, in potassium sulphide, but it reacts differently, and those elements 
which are with it also vary in their reactions because they are with it, and it varies its 
reactions because it is with them. It is possible to seise on a character common to 
substances quantitatively and qualitatively analogous to each other. It may be admitted 
that an element in certain forms is not able to enter into reactions into which in other 
forms it enters willingly, if only the requisite conditions are encountered ; but it must 
not therefore be concluded that an element changes its essential quality in these 
different cases. The preceding remarks touch on questions which are subject to much 
argument among chemists, and I mention them here in order to show the treatment of 
those most important problems of chemistry which lie at the beais of this 1 
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ohlorine. Pure sulphur dichloride is a reddish-brown liquid, which 
resembles the lower chloride in many respects ; its specific gravity is 
1*62 ; its odour is more suffocating than that of sulphur chloride ; it 
volatilises at 64°. 77 

Thionyl chloride, SOCl 2 » may be regarded as oxidised sulphur 
diohloride ; it corresponds with sulphur chloride, SjCl,, in which one 
atom of sulphur is replaced by oxygen. At the same time it is chlorine 
oxide (hypochlorous anhydride, Cl a O) combined with sulphur, and also 
.the chloranhydride of sulphurous acid — that is, SO(HO) 2 , in which the 
two hydroxy! groups are replaced by two atoms of chlorine, or sulphu- 
rous anhydride, SOj, in which one atom of oxygen is replaced by two 
atoms of chlorine. All these representations are confirmed by reactions 
of formation, or decompositions ; they all agree with our notions of the 
other compounds Of sulphur, oxygen, and chlorine ; hence these defini- 
tions are not contradictory to each other. Thus, for instance, thionyl 
chloride was first obtained by-Schiff, by the action of dry sulphurous 
anhydride on phosphorus pentachloride. On distilling the resultant 
liquid, thionyl chloride comes over first at 80°, and on continuing 
the distillation phosphorus oxychloride distils over at above 100°, 
PC1 5 + S0 2 =P0C1, + S0C1 3 . This mode of preparation is direct evi- 
dence of the oxychloride character of SOCl a . Wiirti obtained the same 
substance by passing a stream of chlorine oxide through a cold solution 
of sulphur in sulphur chloride ; the chlorine oxide then combined directly 
with the sulphur, S + CljOssSOClj, whilst the sulphur chloride remained 
unchanged (sulphur cannot be combined directly with chlorine oxide, as 
an explosion takes place). Thionyl chloride is a colourless liquid, with 
a suffocating acrid smell ; it has a specific gravity at 0° of 1 *675, and boils 

91 The observed rapour density of sulphur dichloride referred to hydrogen is 68*8, 
end the! given by the formula is 61*6. The smeller molecular weight explains its boiling 
point being lower than that of sulphur chloride, S^CLj. The reactions of both these 
compounds are very similar. Sulphur converts the dichloride, SClj, into the mono- 
chloride, S3CI9. In one point the dichloride differs distinctly from the monochloride— 
that is, in its capacity for easily giving up chlorine and decomposing. Even light de- 
composes it into chlorine and the monochloride. Hence it acts on many substancee in 
the same manner as chlorine, or substances which easily part with the latter, such as 
phosphoric or antimonio chloride. In distinction to these, however, sulphur dichloride 
would appear to distil without any considerable decomposition, judging by the vapour 
density. But this is not a valid conclusion, for if there be a decomposition, then 
tSClj^BfCls + Cla; now the density of sulphur chloride = 675, and of chlorine - 56*5, 
and consequently a mixture of equal volumes of the two = 51*6, just the same as an 
equal volume of sulphur dichloride. Therefore the distillation of sulphur dichloride 
is probably nothing but its decomposition. Hence the compound SCI*, which is stable 
at the ordinary temperature, decomposes at 64°. In the cold it absorbs a further amount 
of ohlorine, corresponding to SCI4, but even at — 10° a portion of the absorbed chlorine 
is given off— that is, dissociation takes place. Thus the tetrachloride is even less stable 
than the dichloride. 
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*t 78° It sinks in -water, by which it is immediately -deoompo«ed, like 
all chleranhydridear— for example* like carbonyl chloride, which corre- 
sponds with it SOCl 1 +H t O=S0 1 +2HCL 77W « 

Normal sulphuric acid has two corresponding chloranhydride^ ; the 
first, SOt(OH)Cl, is sulphuric acid, 80,(110)* in which one equivalent 
of HO is replaced by chlorine , the second has the composition S0,C1, — 
that is, two HO groups are substituted by two of chlorine. The second 
chloranhydride, or the compound S0 2 C1^ is called sulphuryl chloride, 
and the first chloranhydride, SOjHOCI, may be called chlorosulphonic 
acid, because it is really an acid ; it still retains one hydroxyl of sul- 
phuric acid, and its corresponding salts are known. Thus, potassium 
chloride absorbs the vapour of sulphuric anhydride, forming a salt, 
SO3KCI, corresponding with S0,HC1 as acid. In acting On sodium 
chloride it forms hydrochloric acid and the salt NaSO,CL This first 
chloranhydride of sulphuric acid, SOjHOCl, discovered by Williamson, 
is obtained either by the action of phosphorus pentachloride on sulphuric 
acid (PC1 5 + HjS0 4 =P0C1 S + HC1 + HgO,Cl), or directly by the action 
of dry hydrochloric acid on sulphuric anhydride, SO a + HCl=HSO a Cl. 
The most easy and rapid method of its formation is by direct saturation 
of cold Nordhausen acid with dry hydrochloric acid gas (S0 3 + HC1 
=HS0 8 C1), and distillation of the resultant solution, the distillate 
then contains HSO,CL It is a oblouriess fuming liquid, having an acrid 
odour ; it boils at 153° (according to my determination, confirmed by 
Eonovaloff), and its specific gravity at 19° is 1*776. It is immediately 
decomposed by water, forming hydrochloric and sulphuric acids, as 
should be the case with a true chloranhydride. In the reactions of 
this chloranhydride "we find the easiest means of introducing the 
sulphonic group HS0 3 into other compounds, because it is here combined 
with chlorine. The second chloranhydride Of sulphuric acid, or sulphuryl 
chloride, S0 2 Cl a , was obtained by Begnault by the direct action of the 
sun's ray on a mixture of equal volumes of chlorine and sulphurous 
oxide. The gases gradually condense into a liquid, combining together 
as carbonic oxide does with chlorine. It is also obtained when a mix- 
ture of the two gases in acetic acid is allowed to stand for some time. 
The first chloranhydride, S0 3 HCI, decomposes when heated at 200° in 
a closed tube into sulphuric acid and sulphuryl chloride. It boils at 
70°, its specific gravity is 1*7, it gives hydrochloric and sulphuric acids 
with water, fumes in the air, and, judging by its vapour density, does 
not decompose when distilled. 78 

77 ™» Hartog and Sims (1898) obtained thionyl bromide, 80Br» by treating 80CJ, 
with sodium bromide ; it is a red liquid, sp. gr. 9*68, and deeompoeee at 160°. 

n Pyrosnlpharyl chloride, SaOjCl* 8ee Note 44. Thorpe' and Rinnan, by treating 
80j with HP, obtained S0 2 (OH)F, as a liquid boiling at 168», but which decomposed with 
greater facility and then gave SOfF* 
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In the group of the halogens we saw four closely analogous elements 
—fluorine, chlorine, bromine, and iodine — and we meet with the same 
number of closely allied analogues in the oxygen group for besides 

The acids of sulphur naturally have their corresponding ammonium salts, and the 
latter their amides and nitriles. It will be readily understood how vast a field for 
research is presented by the series of compounds of sulphur and nitrogen, if we only re- 
member that to carbonic and formic acids there corresponds, as we saw (Chapter IX.), a 
vast series of derivatives corresponding with their ammonium salts. To sulphuric add 
there correspond two ammonium salts, SO a (HO)(NH 4 0) and SO^NHjO)?, three 
amides . the acid amide SO*(HO)(NH 2 ), or sulphamio acid, the normal saline compound 
80t(NH.40)(NH a ), or ammonium sulphamate, and the normal amide SO a (NH 5 ),, or sul- 
phamide (the analogue of urea); then the acid nitrile, 80N(HO), and two neutral 
nitriles, 80N(NH?) and SNg. There are similar compounds corresponding with sul- 
phurous acid, and therefore its nitriles will be, an acid, 8N(HO), its salt, and the normal 
compound, SN(NHj). Dithionic and the other acids of sulphur should also have their 
corresponding amides and nitriles. Only a few examples are known, which we will 
briefly describe. Sulphuric acid forms salts of very great stability with ammonia, and 
ammonium sulphate is one of the commonest ammoniacal compounds. It is obtained 
by the direct action of ammonia on sulphuric acid, or by the action of the latter on 
ammonium carbonate; it separates from its solutions in an anhydrous state, like 
potassium sulphate, with which it is isomorphous. Hence, the composition of crystals 
of ammonium sulphate is (NH 4 ) 2 S0 4 . This salt fuses at 140°, and does not undergo 
any change when heated up to 180°. At higher temperatures it does not Jose water, but 
parts with half its ammonia, and is converted into the acid salt, HNH4SO4 ; and this 
acid salt, on further heating, undergoes a further decomposition, and splits up into 
nitrogen, water, and acid ammonium snlphite, HNH4SO3. At the ordinary temperature 
the normal salt is soluble in twice its weight of water and at the boiling-point of water in 
an equal weight In its faculty for combinations this salt exhibits a great resemblance 
to potassium sulphate, and, like it, easily forms a number of double salts ; the most 
remarkable of which are the ammonia alums, NH 4 AJ8 a O s ,12H a O, and the double salts 
formed by the metals of the magnesium group, having, for example, the composition 
(NH 4 ) 9 MgS 9 08,6H a O. Ammonium sulphate does not give an amide when heated, 
perhaps owing to the faculty of sulphurio anhydride to retain the water combined with 
it with great force. But the amides of sulphuric acid may be very conveniently prepared 
from sulphurio anhydride. Their formation by this method is very easily understood 
because an amide is equal to an ammonium salt less water, and if the anhydride be 
taken it will give an amide directly with ammonia. Thus, if dry ammonia be passed into 
a vessel surrounded by a freezing mixture and containing sulphuric anhydride, it forms 
a white powdery mass called sulphatammon, having the composition SO s ,9H s N, and resem- 
bling the similar compound of carbonic acid, CO^NHj. This substance is naturally the 
ammonium salt of sulphamic acid, SO a (NH^O)NH 8 . It is slowly acted on by water, and 
may therefore be obtained in solution, in which it slowly reacts with barium chloride, 
which proves that with water it still forms ammonium sulphate. If this substance be 
carefully dissolved in water and evaporated, it yields well-formed crystals, whose solution 
no longer gives a precipitate with barium chloride. This is not due to the presence 
of impurities, but to a change in the nature of the substance, and therefore Rose calls 
the crystalline modification parcuulpJuUamtnon. Platinum chloride only precipitates 
half the nitrogen as platinochloride from solutions of sulphat- and parasulphatammon, 
which shows that they are ammonium salts, SO s (NH 4 0)(NH 2 ). It may be that the 
reason of the difference in the two modifications is connected with the fact that two 
different substances of the composition N 2 H 4 80 9 are possible: one is the amide 
SOtfNH,), corresponding with the normal salt, and the other is the salt of the nitrile 
acid corresponding with acid ammonium sulphate—that is, 8ON(0NH 4 ) corresponds 
with the acid 8ON(0H)-8O,(NH 4 0)0H-aH t 0. Hence there may here be a difference 
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sulphur this group also includes ssfonntm and tettmrwm : O, 8, Be, Te. 
These two groups are very closely allied, both in respect to the mag- 

of the flame nature as between urea and ammonium cyanate. Up to the present, the 
iM"*«"«" indicated above hat been but little investigated, and might be the subject of 
interesting researches. 

II in the preceding experiment the ammonia, and not the sulphuric anhydride, be 
taken in excess, a soluble substance of the composition SA0^8NH S is formed. This 
compound, obtained by Jacqueline and investigated by Voronin, doubtless also contains 
a salt of sulphamic acid — that is, of the amide corresponding with tho acid ammonium 
sulphate-HNH 4 S0 4 -H a O=(NH 2 )S0 9 (OH). Probably it is a compound of sulphatam- 
mon with sulphamic acid. Thus it has an acid reaction, and does not give a precipitate 
with barium chloride. 

With normal sulphate of ammonium, an amide of the composition N a H 4 80 a should 
correspond, which should bear the same relation to sulphurio acid as urea bears to car- 
bouic acid. This amide, known as sulphamide^ is obtained by the action of dry ajrimnwi^ 
on the sulphury 1 chloride, SO^Cl?, just as urea is obtained by the action of ammonia on 
carbonyl chloride, 8a,Cl 3 +4NH 3 =N 2 H 4 80 2 -»-2NH 4 CL The ammonium chloride is 
separated from the resultant sulphamide with great difficulty. Cold water, acting on the 
mixture, dissolves them both ; the cold solution does not give a precipitate with barium 
chloride. Alkalis act on it slowly, as they do on urea ; but on boiling, especially in the 
presence of alkalis or acids, it easily re-combines with water, and gives an ammonium 
salt. V. Traube (1892) obtained sulphamide by the reaction of sulphury 1, dissolved in 
chloroform, upon ammonia. The resultant precipitate dissolves when shaken up with 
water, and (he solution (after boiling with the oxides of lead or silver) is evaporated, 
when a syrupy liquid remains. With nitrate of silver the latter gives a solid compound, 
which, when decomposed by hydrochloric acid, gives free sulphamide in large colourless 
crystals, having the composition S0 2 (NH 2 ) 2 . This substance fuses at 81°, begins to 
decompose below 100°, and is entirely decomposed above 260° ; it is soluble in water, 
and the solution has a neutral reaction and bitter taste. When heated with acids, 
Sulphamide gradually decomposes, forming sulphuric acid and ammonia. If the silver 
compound obtained by the action of sulphamide on nitrate of silver be heated at 170°-180° 
until ammonia is no longer evolved, and the residue be extracted with water acidulated 
with nitric acid, a salt separates out from the solution, answering in its composition to 
sulphamide, SOaNAg, which = the amide -NH s =S0 9 N 1 H 4 -NH s -S0 3 NH. The action 
of sulphuryl chloride (and of the other chloranhydrides of sulphur) on ammonium car- 
bonate always, as Mente showed (1888), results in the formation of the salt NH(80 5 NH 4 ) t . 

The nitriles corresponding with sulphurio acid are not as yet known with any cer- 
tainty. The most simple nitrile corresponding with sulphurio acid should have the 
composition N s H 8 80 4 -4H a O=»N Q 8. This would be a kind of cyanogen corresponding 
with sulphuric acid. On comparing sulphurous acid with carbonic acid, we saw that 
they present a great analogy in many respects, and therefore it might be expected that 
nitrile compounds having the composition NHS and N,8? would be found. The 
latter of these compounds is well known, and was obtained by 8oubeiron, by the action 
of dry ammonia on sulphur chloride. This substance corresponds with cyanogen 
(paracyanogeo), and is known as nitrogen sulphide, N^S* It is formed according to 
the equation 88C1, + 8NH S = N,S* + 8 + 6NH 4 CL The free sulphur and nitrogen sul- 
phide are dissolved by acting on the product with carbon bisulphide, the nitrogen 
sulphide being much less soluble than the sulphur It is a yellow substance, which is 
excessively irritating to the eyes and nostrils. It explodes when rubbed with a hard 
substance, being naturally decomposed with the evolution of nitrogen ; but when heated 
it fuses without decomposing, and only decomposes with explosion at 157° It is 
insoluble in water, and only slightly so in alcohol, ether, and carbon bisulphide ; 100 parts 
of the latter dissolve 1*5 part of nitrogen sulphide at the boiling point This solution 
on cooling deposits it in minute transparent prisms of a golden yellow colour 
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nitudes of their atomio weight* and also in the faculty of the element! 
of both groups for combining with metals. The distinct analogy and 
definite degree of variance known to us for the halogens, also repeat 
themselves in the same degree for the elements of the oxygen group. 
Amongst the halogens fluorine has many peculiarities compared to 
01, Br and I which are more closely analogous, whilst oxygen differs in 
many respects from S, Se, Te, which possess greater similarities. The 
analogy in a quantitative respect is perfect in both cases. Thus the 
halogens combine with H, and the elements of the oxygen group with 
H a , forming H 2 0, H 2 S, H a Se, H 2 Te. The hydrogen compounds of 
selenium and tellurium are acids like hydrogen sulphide. Selenium, 
by simple heating in a stream of hydrogen, partially combines with it 
directly, but seleniuretted hydrogen is more readily decomposable by 
heat than sulphuretted hydrogen, and this property is still more 
developed in tell u retted hydrogen. Hydrogen selenide and telluride 
are gases like sulphuretted hydrogen, and, like it, are soluble in water, 
form saline compounds with alkalis, precipitate metallic salts, are 
obtained by the action of acids on their compounds with metals, <fec 
Selenium and tellurium, like sulphur, give two normal grades of com- 
bination with oxygen, both of an acid character, of which only the 
forms corresponding to sulphurous anhydride— namely, selenious an- 
hydride, Se0 2 , and tellurous anhydride, TeO f 79 — are formed directly. 

70 Seleniou* anhydride, SeO* is a volatile solid, Which crystallises in prisms soluble 
in water. It is best procured by the action of nitric acid on selenium. The well-known 
researches of Nilson (1874) showed that the salts of selenions acid easily form acid salts, 
and are so characteristic in many respects that they may even serve for judging the 
analogy of types of oxides. Thus the oxides of the composition BO give normal salts 
of the composition RSeOj,aH a O, where R » Mn, Co, Ni, Co, Zn. The salts of magnesium, 
barium, and calcium contain a different quantity of water, as do also the salts of the 
oxides R3O5. We here torn attention to the fact that beryllium gives a normal salt, 
BeSeO s ,2H?0, and not a salt analogous to those of aluminium, scandium, Sc 2 (8e0 9 ) 3# H«0, 
yttrium, YaJSeOj^aH^O, and other oxides of the form RjOj, which speaks in favour of 
the formula BeO. 

TeUurioue anhydride is also a colourless solid, which crystallises in octahedra ; it also, 
when heated, first fuses and then volatilises. It is insoluble in water, and the deoomno- 
sition of its salts gives a hydrate, H^TeOj, which is insoluble. 

It is a very characteristic circumstance that selenions and tellurous anhydrides 
are very easily reduced to selenium and tellurium. This is not only effected by metals 
like zinc, or by sulphuretted hydrogen, which are powerful deoxidisers, but even by sul* 
phurous anhydride, which is able to precipitate selenium and tellurium from solution* 
of- the selenites and tellurites, and even of the acids themselves, which is taken advantage 
of in obtaining these elements and separating them from sulphur. 

Sulphuric acid, as we know, rarely acts ss an oxidising agent It is otherwise with 
seknic and telluric acids, H 3 Se0 4 and H 2 Te0 4 , which are powerful oxidising agents— thai 
is, are easily reduced in many circumstances either into the lower oxide or even to selenium 
.and tellurium. A powerful oxidising agent is required in order to convert selenions and 
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These are both solids, obtained by the combustion of the elements 
themselves aud by the action of oxidising agents on them They form 
feebly energetic acids, having distinct bibasic properties ; however, a 
characteristic difference from S0 2 is observable both in the physical 
properties of these compounds and in their stability and capacity for 
further oxidation, just as in the series of the halogens already known to 
us, only in an inverse order ; in the latter we saw that iodine combines 
more easily than bromine or chlorine with oxygen, forming more stable 
Oxygen compounds, whereas here, on the contrary, sulphurous anhydride, 

ieUurous anhydrides into aelenic and telluric anhydrides, and, moreover, it most be em- 
ployed in excess. If chlorine be passed through a solution of potassium selenide, K 2 Se, tel- 
luride, K^Te, selenite, KgSeOg, or tellurite, K* TeO Sl it acts as an ozidiser in the presence of 
the water, forming potawium setenaie, B^SeO* or tellurate, K t Te0 4 . The same salts are 
formed by fusing the lower oxides with nitre. These salts are isomorphous with the 
corresponding sulphates, and cannot therefore be separated from them by crystallisation. 
The salts of potassium, sodium, magnesium, copper, cadmium, &c. are soluble like the 
sulphates, but those of barium and calcium are insoluble, in perfect analogy with the sul- 
phates. When copper selenate, CuSeO^ is treated with sulphuretted hydrogen (Cu8 
is precipitated), seiemc acid remains in solution. On evaporation and drying in vacuo 
•ft 180° it gives a syrupy liquid, which may be concentrated to almost the pure acid, 
H*8e0 4 , having a specific gravity of 9*6. Cameron and Macallan (1891) showed that pure 
Hf8eO) only remains liquid in a state of superfusion whilst the solidified acid melts at 
+ 58°, the solid acid crystallises well, its sp. gr. is then 9-95. The hydrate H t 8e0 4t H,0 
melts at +95°. The acid in a superfused state has a sp. gr. 9*86 and the solid 9*68. 
Like sulphuric acid strong selenio acid attracts moisture from the atmosphere ; it is not 
decomposed by sulphurous acid, but oxidises hydrochlorio add (like nitric, chromic, 
and manganio acids), evolving chlorine and forming selenious add, H t 8e0 4 + 2HC1 
- HsSeO s + HtO + Clf TeUurie acid, HjTeO* *• obtained by fusing tellurons anhydride 
with potassium hydroxide and chlorate; the solution, containing potassium tellurate, 
is then -predpitated with barium chloride, and the barium tellurate, BaTe0 4 obtained 
in the precipitate is decomposed by sulphuric add. A solution of telluric acid 
is thus obtained, which on evaporation yields colourless prisms, soluble in water, and 
containing TeH«0 4 ,9H s O. Two equivalents of water are driven off at 160°; on further 
heating the last equivalent of water is expelled, and then oxygen is given off. It 
also gives chlorine with hydrochloric add, like selenic add. Its salts slso correspond 
with those of sulphuric add. It must, however, be remarked that telluric and selenio 
acids are able to give poly-add salts with much greater ease than sulphuric add. Thus, 
for example, there are known for telluric acid not only K 2 Te0 4 ,5H 9 and KHTeO^SHjO, 
but also KHTe0 4 ^ s Te0 4 ^ 9 -*. K 3 Te0 4 ,8H a Te0 4> 9H 9 0. This salt is easily obtained 
from add solutions of the preceding salts and is less soluble in water. As selenious anhy* 
dride is volatile and gives similar poly-salts, it may be surmised thst selenious, tellurous, 
selenio, and tellurio anhydrides are polymeric as compared with sulphurous and sulphurio 
anhydrides, for which reason it would be desirable to determine the vapour density of 
selenious anhydride. It would probably correspond with 8t^0 4 or 8ej0 4 . 

In order to show the very close analogy of selenium to sulphur, I will quote two 
examples. Potassium cyanide dissolves selenium, as it does sulphur, forming potassium 
telenooyanate, KCNSe, corresponding with potassium thiocyanate. Adds precipitate 
selenium from this solution, because selenocyanic acid, HgCNSe, when in a free state is 
immediately decomposed. A boiling solution of sodium sulphite dissolves selenium, 
Just as it would sulphur, forming, a salt analogous to thiosulphate of sodium, namely, 
sodium selenosulphate, Na^SSeOj. Selenium is separated from a solution of this salt by 
the action of add. 
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as we know, is difficultly decomposed, parts with its sulphur with 
difficulty, sod is easily oxidised and especially in its salts, while 
selenious and tellurous anhydrides are oxidised with difficulty and 
easily reduced, even by means of sulphurous acid. 

Selenium was obtained in 1817 by Berzelius from the sublimate 
which collects in the first chamber in the preparation of sulphuric 
acid from Fahlun pyrites. Certain other pyrites also contain small 
quantities of selenium. Some native selenides, especially those of lead, 
mercury, and copper, have been found in the Hartz Mountains, but 
only in small quantities. Pyrites and blendes, in which the sulphur 
is partially replaced by selenium, still remain the chief source for its 
extraction. When these pyrites are roasted they evolve selenious 
anhydride, which condenses in the cooler portions of the apparatus in 
which the pyrites are roasted, and is partially or wholly reduced by 
the sulphurous -anhydride simultaneously formed. The presence of 
selenium in ores and sublimates is most simply tested by heating them 
before the blowpipe, when they evolve the characteristic odour of garlic. 
Selenium exhibits two modifications, like sulphur : one amorphous 
and insoluble in carbon bisulphide, the other crystalline and slightly 
soluble in carbon bisulphide (in 1,000 parts at 45° and 6,000 at 0°), and 
separating from its solutions in monoclinic prisms. If the red preci- 
pitate obtained by the action of sulphurous anhydride on selenious 
anhydride be dried, it gives a brown powder, having a specific gravity 
of 4*26, which when heated changes colour and fuses to a metallic 
mass, which gains lustre as it cools. The selenium acquires different 
properties according to the rate at which it is cooled from a fused 
state ; if rapidly cooled, it remains amorphous and has the same specific 
gravity (4*28) as the powder, but if slowly cooled it becomes crystal- 
line and opaque, soluble in carbon bisulphide, and has a specific gravity 
of 4*80. In this form it fuses at 214° and remains unchanged, whilst 
the amorphous form, especially above 80°, gradually passes into the 
crystalline variety. The transition is accompanied by the evolution 
of heat, as in the case of sulphur ; thus the analogy between sulphur 
and selenium is clearly shown here. In the fused amorphous form, 
selenium presents a brown mass, slightly translucent, with a vitreous 
fracture, whilst in the crystalline form it has the appearance of a grey 
metal, with a feeble lustre and a crystalline fracture. 79 w» Selenium 

n du Jfuthman, in his researches upon the sllotropic forms of selenium, pointed out 
(1689) * peculiar modification, which appears, as it were, as a transition between 
crystalline and amorphous selenium. It is obtained together with the crystalline rariety 
by slowly eTaporating a solution of selenium in bisulphide of carbon, and differs from 
the crystalline variety in the form of its crystals ; it passes into the latter modification 
when heated. Schultz also obtained sel e nium (like Ag, see Chapter XXIV.) in a soluble 
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boils at 700°, forming a vapour whose density is only constant at a tem- 
perature of about 1,400°, when it is equal to 79*4 (referred to hydrogen) 
— that is, the molecular formula is then Se* like sulphur at an equally 
high temperature. 

Tellurium is met with still more rarely than selenium (it is known 
in Saxony) in combination with gold, silver, lead, and antimony in 
the so-called foliated tellurium ore. Bismuth telluride and silver 
tell u ride have been found in Hungary and in the Altai. Tellurium is 
extracted from bismuth telluride by mixing the finely-powdered ore 
with potassium and charcoal in as intimate a mixture as possible, 
and then heating in a covered crucible. Potassium telluride, K,Te, 
is then formed, because the charcoal reduces potassium tellurite. 
As potassium telluride is soluble in water, forming a red-brown 
solution which is decomposed by the oxygen of the atmosphere 
(K 2 Te + + H 2 0=2KHO+Te), the mass formed in the crucible is 
treated with boiling water and filtered as rapidly as possible, and the 
resultant solution exposed to the air, by which means the tellurium 
is precipitated. 80 In a free state tellurium has a perfectly metallic 
appearance ; it i» of a silver-white colour, crystallises very easily in 
long brilliant needles ; is very brittle, so that it can be easily reduced 
to powcjer; but it is a bad conductor of heat and electricity, and 
in this respect, as in many others, it forms a transition from the metals 
to the non-metals. Its specific gravity is 6*18, it melts at an incipient 
red heat, and takes fire when heated in air, like selenium and sulphur, 
burning with a blue flame, evolving white fumes of tellurous anhy- 
dride, TeO a , and emitting an acrid smell if no selenium be present , 
but if it be, the odour of the latter preponderates. Alkalis dissolve 
tellurium when boiled with it, potassium telluride, K,Te, and potassium 
tellurite, K a TeO a , being formed. The solution is of a red colour, owing 

form, but these resea r ches are not so conclusive m those upon soluble silver, end we 
shall therefore not consider them more folly. 

*° The tellurium thus prepared is impure, and oontains a large amount of selenium. 
The latter may be removed by converting the mixture into the salts of potassium, and 
treating this with nitric acid and barium nitrate, when barium selenate only is precipitated, 
whilst the barium tellurate remains in solution. This method does not, however, give a 
pure product, and it appears to be best to separate the selenium from the tellurium in a 
metallic form ; this is done by boiling the impure potassium tellurate with hydrochloric 
add, which oonverts it into potassium tellurite, from which the tellurium is reduoed by 
sulphurous anhydride. The metal thus obtained is then fused and distilled in a stream 
of hydrogen ; the selenium volatilises first, and then the tellurium, owing to its being 
much less volatile than the former. Nevertheless, tellurium is also volatile, and may be 
separated in this manner from less volatile metals, such as antimony. Brauner deter- 
mined the atomio weight of pure tellurium, and found it to be 125, but showed (1S69) 
that tellurium purified by the usual method, even after distillation, contains a large 
amount of impurities. 
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to the presence of the telluride, K 2 Te ; but the colour disappears when 
the solution is cooled or diluted, the tellurium being all precipitated * 
2K 2 Te+K 2 TeO s + 3H 2 0=6KHO+3Te. 81 

61 The decomposition proceeds in the above order in the cold, but in *> hot eolation 
with an excess of potassium hydroxide it proceeds inversely. A similar phenomenon 
takes place when tellurium is fused with alkalis, and it is therefore necessary in order to 
obtain potassium telluride to add charcoal. 

8elenium and tellurium form higher compounds with chlorine with comparative 
ease. For selenium, 8eCl a and 8eCl 4 are known, and for tellurium TeCl 2 and TeCl*. 
The tetrachlorides of selenium and tellurium are formed by passing chlorine over these 
elements. Selenium tetrachloride, 8eCl 4 , is a crystalline, volatile mass which gives 
seleniouB anhydride and hydrochloric acid with water. Tellurium tetrachloride is much 
less volatile, fuses easily, and is also decomposed by water. Both elements form similar 
compounds with bromine. Tellurium, tetrabromide is red, fuses to a brown liquid, 
volatilises, and gives a crystalline salt, X 9 TeBr«, 8H 3 0, with an aqueous solution of 
potassium bromide. 
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